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PHYSICS CONSIDERATIONS OF THE REVERSED-FIELD PINCH FUSION REACTOR" 

R. L. Hagenson 
Science Applications, Inc. 

Ames, Iowa 50010 
and 

R. A. Krakowski 
University of California 

Los Alamos Scientific Laboratory 
Los Alamos, New Mexico 87545  

ABS TRACT. 

A conceptual engineering design of a fusion reactor based on plasma 
confinement in a toroidal Reversed-Field Pinch (RFP) configuration is described. 
The plasma is ohmically ignited by toroidal plasma currents which a l s o  
inherently provide the confining magnetic fields in a toroidal chamber having 
major and minor radii of 12.7 and 1.5 m, respectively. The DT plasma ignites in 
2-3 s and undergoes a transient, unrefueled burn at 19-20 keV for * 20 s to give 
a DT burnup of - 50%. Accounting for all major energy sinks yields a 
cost-optimized system with a recirculating power fraction of 0.17; the power 
output is 750 MWe(net). 

I. INTRODUCTION 
The conceptual Reversed-Field Pinch Reactor (RFPR) s tudyl has emphasized 

the development and evaluation of a realistic reactor-plasma model; an extensive 
parameter study based on this model has focused on a system with minimum power 
cost. Two major priorities and/or constraints are imposed. First, the 
engineering system uses only conventional technology when possible, and, 
secondly, the ease of plant maintenance is  stressed. The first-wall/blanket 
consists of a water-cooled copper and stainless-steel structure, with tritium 
breeding occurring in a granular-Li 0 packed bed. A direct-cycle, low-superheat 
steam system is proposed, thereby eliminating an expensive secondary coolant 
loop. Ohmic heating of the DT plasma to ignition is inherently ruade possible by 
the RFP confinement scheme. A batch-burn (unrefueled) operation is also chosen 
to eliminate advanced ash/impurity-control (divertors) and fueling systems, 
although steady-state operation is not necessarily precluded by the RFP 
approach. Confinement scaling for the RFP is independent of toroidal aspect 
ratio, allowing a mechanically open structure and a more easily maintained 
system. 

11. PHYSICAL PRINCIPLES 
Like the tokamak, the RFP is a toroidal, axisymmetric confinement device. 

Both systems use a combination of poloidal, B o ,  and toroidal, E , magnetic 
fields to confine a plasma in a minimum energy state. The poloid81 field for 
both systems is created by inducinp, through transformed action a toroidal 

Work performed under the a u s p i c e s  of the 11s Department of Energy, Office of 
Fusion Energy. 

2 



c u r r e n t ,  I , w i t h i n  t h e  plasma column; t h e  t o r o i d a l  f i e l d  is c r e a t e d  by e x t e r n a l  
C o i l s .  Ffgure 1 compares t h e  r a d i a l  f i e l d  and p r e s s u r e  p r o f i l e s  f o r  both t h e  
RFP and tokamak systems. Toro ida l  e q u i l i b r i u m  can be provided by e i t h e r  a 
conduct ing s h e l l  l o c a t e d  near t h e  plasma, an  e x t e r n a l  ver t ical  f i e l d  o r  a 
combinat ion of b o t h  schemes. The RFP r e q u i r e s  a conduct ing s h e l l  f o r  plasma 
s t a b i l i z a t i o n  a g a i n s t  u n s t a b l e  magnetohydrodynamic (MIID) modes w i t h  wavelengths 
i n  excess of t h e  s h e l l  r a d i u s ,  rw, whereas t h e  tokamak may n o t  n e c e s s a r i l y  be 
s u b j e c t e d  t o  t h i s  requirement .  Local ized MHD modes i n  t h e  RFP are suppressed by 
t h e  s t r o n g l y  shea red  magnet ic  f i e l d s  caused by a s l i g h t  reversal of t h e  t o r o i d a l  
f i e l d  a t  the plasma edge. Although t h e  tokamak may n o t  r e q u i r e  a conduct ing 
s h e l l  n e a r  t h e  plasma column, avoidance of t h e  k i n k  i n s t a b i l i t y  e s t a b l i s h e s  
s p e c i f i c  requirements  on t h e  re la t ive magnitude of B e ,  BQ, t h e  plasma r a d i u s ,  
r , and t h e  major r a d i u s  of t h e  t o r u s ,  R. S p e c i f i c a l l y ,  f o r  t h e  tokamak t h e  
pgrameter  q = (r / R ) ( B  /Be) must be  The c r i t e r i o n  q > 1 
a s s u r e s  t h a t  MH8 k i n k  modes wi th  wavelengths i n  excess  of t h e  major 
c i r cumfe rence  will be  s t a b l e .  Experimental  v a l u e s  of q - 2-3 a t  t h e  plasma edge 
a re  r e q u i r e d  f o r  s t a b l e  tokamak ope ra t ion .  On t h e  o t h e r  hand, t h e  RFP o p e r a t e s  
w i t h  q l ess  t h a n  u n i t y ,  q a c t u a l l y  f a l l i n g  through z e r o  and becoming n e g a t i v e  
o u t s i d e  t h e  plasma region.  The RFP approach e s s e n t i a l l y  " d i f f e r e n t i a t e s  away" 
the q > 1 c o n s t r a i n t  imposed on tokamaks and i n  i t s  p l a c e  r e q u i r e s  dq /d r  f 0. 
The p o s i t i v e  i m p l i c a t i o n s  of t h e  RFP s t a b i l i t y  c r i t e r i o n  are: 

g r e a t e r  t h a n  u n i t y .  

The a s p e c t  r a t i o  R / r  can be  chosen s o l e l y  on t h e  b a s i s  of eng inee r ing  con- 
s i d e r a t i o n s  and co lven ience  ( i . e . ,  d e s i r e d  power ou tpu t  and r e l a t e d  
economic c o n s i d e r a t i o n s ) .  

The B l i m i t s  p r e d i c t e d  f o r  t h e  RFP are a t  l eas t  10 t o  50 times g r e a t e r  than 
q > 1 systems i f  i d e a l  MHD t h e o r i e s  are used. The p r e d i c t i o n s  of r e s i s t i v e  
MHD t h e o r i e s  reduce t h i s  f a c t o r  t o  t h e  range 3-10. 

The p la sma  may b e  i g n i t e d  by ohmic h e a t i n g  a lone .  

The confinement of high-to-moderate 8 plasma i s  achieved p r i m a r i l y  by 
p o l o i d a l  f i e l d s ,  which c h a r a c t e r i s t i c a l l y  d e c r e a s e  w i t h  i n c r e a s e d  d i s t a n c e  
from t h e  plasma, t he reby  reducing f i e l d s  and stresses a t  t h e  magnets. 

The u s e  of h i g h l y  sheared f i e l d s  n e a r  t h e  plasma edge f o r  t h e  RFF' 
c o n f i g u r a t i o n  makes p o s s i b l e  a "vacuum" (low c u r r e n t )  r eg ion  between t h e  
plasma and f i r s t  wall. 

Although i m p l i c a t i o n s  of t h e s e  RFP c h a r a c t e r i s t i c s  a re  s i g n i f i c a n t  from a 
t e c h n o l o g i c a l  viewpoint ,  t h e s e  b e n e f i t s  are  accompanied by t h e  need f o r  a 
p a s s i v e l y  conduct ing f i r s t  wall. A d d i t i o n a l l y ,  t h e  energy tha t  m u s t  be expended 
i n  e s t a b l i s h i n g  and ma in ta in ing  t h e  near  minimum-energy RFP plasma i s  not  known, 
b u t  i f  t h i s  s e tup / sus t enance  energy is  s i g n i f i c a n t ,  o p e r a t i o n  as an 
ohmically-heated i g n i t i o n  d e v i c e  i s  made more d i f f i c u l t .  L a s t l y ,  l i t t l e  o r  no 
c o n s i d e r a t i o n  h a s  been g iven  by t h i s  s tudy  t o  t h e  phys ic s  i m p l i c a t i o n s  of 
f u e l i n g  and ash-removal systems r equ i r ed  f o r  a s t e a d y - s t a t e  o p e r a t i o n ;  t h e  RFPR 
d e s i g n  p resen ted  h e r e  is  based on a long-pulsed (25-30 s )  batch-burn ope ra t ion .  
The f a v o r a b l e  energy ba lance  ( r e c i r c u l a t i n g  power f r a c t i o n  is 0.17) computed f o r  
t h e  5atch-burn mode of o p e r a t i o n  r e f l e c t s  an  e f f i c i e n t  u se  of magnetic f i e l d  
ene rgy  t h a t  is c h a r a c t e r i s t i c  of t h e  RFP; t e c h n o l o g i c a l  i s s u e s  a s s o c i a t e d  wi th  
p u l s e d  superconduct ing magnets and energy t r a n s f e r /  s t o r a g e  systems,  however, 
r e q u i r e  f u r t h e r  development and s tudy.  
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111. PLASMA BURN AND REACTOR DESIGN POINTS 
Th i s  s e c t i o n  summarizes t h e  phys ic s  models and computational r e s u l t s  used 

t o  d e s c r i b e  r e a c t o r  s t a r t u p ,  thermonuclear burn and postburn plasma quench. The 
d e s i g n  p resen ted  h e r e i n  is  based on a p ro f i l e - ave raged ,  zero-dimensional ( p o i n t )  
plasma model. The p o l o i d a l  and t o r o i d a l  magnet ic-f ie ld  p r o f i l e s  w i t h i n  t h e  
plasma are desc r ibed  by t h e  Bessel f u n c t i o n s  A e J  ( a r )  and A J ( a r ) ,  
r e s p e c t i v e l y ,  which show good agreement with c a l c u l a t e d  AHD-stable p t o f i l e s .  
The are determined by t h e  conse rva t ion  of t o t a l  c u r r e n t  and 
f l u x  w i t h i n  t h e  plasma column. Enforcing p r e s s u r e  ba l ance  and i n t e g r a t i n g  ove r  
t h e  i s o t h e r m a l  plasma c ross - sec t ion  r e s u l t s  i n  t h e  spa t i a l ly -ave raged  parameters 
used f o r  t h e  c a l c u l a t i o n  of burn dynamics. A numerical  c a l c u l a t i o n  of t h e  
mul t i - spec ie s  plasma ( i o n s ,  e l e c t r o n s ,  and a l p h a  p a r t i c l e s )  fo l lows  t h e  plasma 
r a d i u s  ( i - e . ,  f i e l d  reversal  p o i n t )  w i th  time i n  con junc t ion  wi th  t h e  v o l t a g e s  
and c u r r e n t s  i n  bo th  t h e  plasma and a s s o c i a t e d  e l e c t r i c a l  c i r c u i t r y .  
A l p h a - p a r t i c l e  t h e r m a l i z a t i o n  us ing  a Fokker-Planck formalism, ohmic h e a t i n g  
u s i n g  c lass ica l  r e s i s t i v i t y ,  r a d i a t i o n  (Bremsstrahlung, c y c l o t r o n ,  and l i n e )  
l o s s e s ,  and anomalous ( r a d i a l )  thermal  conduct ion and p a r t i c l e  d i f f u s i o n  a re  
i n c l u d e d  i n  t h i s  time-dependent model. A s  p a r t  of a con t inu ing  pa rame t r i c  
a n a l y s i s  and ref inement  of t h e  RFPR concept ,  a more r ea l i s t i c  one-dimensional 
( r a d i a l )  plasma model h a s  been developed and app l i ed2  t o  t h e  p o i n t  des ign  
r e p o r t e d  h e r e i n .  The t o t a l  power ou tpu t  computed by t h e  one-dimensional 
s i m u l a t i o n  i s  w i t h i n  5 %  of t h a t  determined by t h e  zero-dimensional  model. 

The s t a r t u p  t i m e  i s  taken as 10% of t h e  energy containment t i n e ,  which is 
e s t i m a t e d  t o  be  w 1 s f o r  a r e a c t o r  plasma. A conduct ing copper f i r s t  wal l ,  
w i t h  an e l ec t r i ca l  s k i n  depth equa l  t o  t h e  s t a r t u p  time, s t a b i l i z e s  t h e  plasma 
and promotes f i e l d  r e v e r s a l  du r ing  t h e  0.1-s s t a r t u p  phase. An i n i t i a l l y ,  
un i fo rm t o r o i d a l  f i e l d ,  B , i s  superposed o n t o  a n  i n c r e a s i n g  t o r o i d a l  plasma 
c u r r e n t  and r e s u l t s  i n  a f i e 1 8  c o n f i g u r a t i o n  t h a t  is similar t o  a tokamak. T h i s  
i n i t i a l l y  q - s t a b i l i z e d  system ( i . e . ,  q > 1) m u s t  be  transformed i n t o  a high-0 
RFP c o n f i g u r a t i o n  by proper  f i e l d  programming, s e l f - r e v e r s a l  of t h e  magnetic 
f i e l d s  o r  a combination the reo f  ( i . e . ,  a s s i s t e d  s e l f - r e v e r s a l ) .  S t a b i l i t y  and 
qu ie scence  du r ing  t h i s  s e t u p  phase seems u n l i k e l y ,  and tu rbu lence  s i m i l a r  t o  o r  
greater than  t h a t  e x h i b i t e d  i n  tokamaks may r e s u l t .  Energy l o s s e s  i n c u r r e d  
d u r i n g  t h i s  s t a r t u p  are no t  known and have n o t  been e x p l i c i t l y  inc luded .  

Burn c y c l e s  were adopted t h a t  o p e r a t e  n e a r  t h e  minimum-energy plasma s t a t e ,  
a s  d e f i n e d  by Tay lo r3 ,  and b e t a  l i m i t s  e s t a b l i s h e d  by res is t ive MHD c a l c u l a -  
t i o n s l  were enforced.  Operat ing nea r  t h e  RFP minimum-energy s t a t e  r e q u i r e s 4  
0 = 1.5-2.0 and F = 1.0. Maximum p o l o i d a l  b e t a s  of 0.25-0.40 are i n f e r r e d  from 
resistive-MHD s t a b i l i t y  c a l c u l a t i o n s .  T ranspor t  s c a l i n g  f o r  RFP plasmas i s  
unknown, a l though  use  of accepted tokamak s c a l i n g  g i v e s  an  anomalous e l e c t r o n  

Anomalous t he rma l  conduct ion with a n  energy confinement time 
t r a n s p o r t  would be  caused by l o c a l  i n s t a b i l i t i e s  and may e t h e  r e s u l t  o f  
p re s su re -d r iven  modes, such as t h e  r e s i s t i v e  g-mode. As B o  is  inc reased  
t r a n s p o r t  would be  enhanced, and a po lo ida l -be t a  l i m i t  a t  which t h e  burn 
t empera tu re  would s a t u r a t e  r e s u l t s ,  y i e l d i n g  thermal  s t a b i l i t y .  The u s e  of a n  
enhanced l o s s  g iven  by = 200 TBoh o r  a l o s s  mechanism t h a t  is d r i v e n  
e x p l i c i t l y  by a l i m i t i n g  b e t a 6  g i v e  symilar r e s u l t s  f o r  r e a c t o r  s i z e s  of 
economic i n t e r e s t  ( r w  = 1-2 m ) .  

The burn t r a j e c t o r y  shown i n  Fig.  2 is used as t h e  r e f e r e n c e  case f o r  
e v a l u a t i o n  of r e a c t o r  performance. T h i s  t he rma l ly  s t a b l e  burn ach ieves  i g n i t i o n  
i n  - 3 s. The * 15-s b a t c h  burn i s  fcl lowed by a 2-3 s quench pe r iod  d u r i n g  
which time t h e  t rapped magnetic f i e l d  and post-burn plasma would be the rma l ly  
d i s s i p a t e d  a t  t h e  f i r s t  wall-  F lush ing  t h e  system wi th  n e u t r a l  g a s ,  wh i l e  
con t inuous ly  evacua t ing  t h e  a l p h a - p a r t i c l e  a s h ,  r e a d i e s  t h e  chamber f o r  t h e  

c o n s t a n t s  % and A 0 

T E  - ‘Bokm5’ 
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subsequent  burn cyc le .  The burn c y c l e  is s u s t a i n e d  f o r  21.r) s, aad 5 s is 
al lowed f o r  evacua t ion  and r e f u e l i n g ;  t h e  to ta l .  cycle would be 26.1) S. 

I V .  REACTOR ENGINEERING AND TECHNOLOGY 
The phys ic s  p r i n c i p l e s  desc r ibed  i n  Sec. I1 and t h e  burn s i r i u h t i o n s  

d e s c r i b e d  in Sec. It1 have been combined i n  a pa rame t r i c  s t u d y  t o  g i v e  a c o s t -  
opt imized d e s i g n  p o i n t  by which key eng inee r ing  and t e c h n o l o g i c a l  issues could 
b e  examined. Table  I. gi.ves a summary d e s c r i p t i o n  of key r e a c t o r  parameters  t h a t  
have emerged from this :  s tudy .  A para l le l  b u t  independent ,  r e a c t o r  s t ~ d y ~ ' ~  
y i e l d s  plasma c h a r a c t e r i s t i c s  and r e a c t o r  performance c l o s e  t o  those  r e p o r t e d  
h e r e .  

The EtFPK d e s i g n  p resen ted  h e r e  would o p e r a t e  a s  a n  un re fue led  (batch-burn) 
sys t em i n  which p r e i o n i z a t i o n ,  f i e l d  reversal and i g n i t i o n  by ohmic h e a t i n g  
would occur  The t rans ien t  burn would occur  f o r  
T B  = 21.6 s i n  a 12.7-mmajor r a d i u s  t o r u s  with a f i r s t - w a l l  r a d i u s  e q u a l  t o  1.5 
m. Approximately 50% of t h e  DT f u e l  wou1.d be  consumed, y i e l d i n g  a t o t a l  thermal  
ene rgy  each p u l s e  of 79.8 GJ (3000 M W t  average thermal  power) and an ave rage  
f u s i o n  The r e c i r c u l a t i n g  power f r a c t i o n  f o r  
t h e  75Q-MWe(net) p l a n t  would be t' = f /Q,  = 0.17. 

The power-plant embodiment t h a t  h a s  been devel.oped on t h e  b a s i s  of t h i s  
r e a c t o r  o p e r a t i o n  is dep ic t ed  i n  Fig. 3 .  The 1.5-m-radius plasma chamber i s  
formed by 40, 2-m-long first-wall/blanket/shield modules, f o u r  of which a re  
d e p i c t e d  i n  Fig.  3 .  The 12.7-m major-radius t o r u s  is c o n s t r u c t e d  w i t h i n  a 
vacuum t u n n e l  and i s  completely detached from the  PFC system. A separate water- 
coo led  copper f i r s t  wall (20-m~n t h i c k )  p rov ides  an  e l e c t r i c a l l y  conduct ing s h e l l  
and o p e r a t e s  n e a r  t h e  blanket: temperature  (530 K). 

An impor t an t  o b j e c t i v e  of t h e  p r e l i m i n a r y  p l a n t  l ayou t  d e p i c t e d  in Fig. 3 
i s  t o  q u a n t i f y  t h e  r e a c t o r  maintenance procedure.  The two major c o i l  systems 
t h a t  d r i v e  t h e  RFPR would be perrrianeritLy Eixed. The PFC system would c o n s i s t  of 
l a r g e ,  supe rconduc to r s  (NbTi/Cu/stainless-steel) t h a t  e n c i r c l e  t h e  inne r  and 
o u t e r  major r a d i i  of t h e  r e a c t o r .  The PFC system would be permanently f i x e d  t o  
s t r u c t u r e  a s s o c i a t e d  wit.h the walls o f  t h e  t o r o i d a l  vacuum t u n n e l  and would not 
i n t e r f e r e  w i t h  procedures  needed t o  remove any of t h e  40,  2-m-long modules. The 
TFC s t r u c t u r e  would b e  f i x e d  and would be  s u f f i c i e n t l y  open t o  permit  removal of 
b l a n k e t / s h i e l d  modules by simple t r a n s l a t i o n a l  and ve r t i ca l  motions. The TFC 
system c o n s i s t s  of twenty low-field (2.0-T) c i r c u l a r  c o i l s  t h a t  a re  p o s i t i o n e d  
o v e r  a l t e r n a t e  r e a c t o r  modules; each NbTi /Cu / s t a in l e s s - s t ee l  TFC would have a 
3.6-m r a d i u s ,  a 1.2-m l e n g t h  and 0.5-m t h i ckness .  The c u r r e n t  d i s t r i b u t i o n  i n  
t h e  PFC system would a s s u r e  t h a t  t h e  v e r t i c a l  f i e l d  component is s u f f i c i e n t  t o  
m a i n t a i n  t h e  plasma i n  t o r o i d a l  equ i l fb r ium.  Small, normal-conducting feedback- 
s t a b i l i z a t i o n  c o i l s  would b e  placed between t h e  b l a n k e t  and s h i e l d  t h e s e  
slow-pulsed c o i l s  (< 10-Hz) are cons ide red  pa r t  of t h e  r e a c t o r  module assembly. 

i n  a run-up p e r i o d  rR = 0.1 S. 

n e u t r o n  wall c u r r e n t  of 2.7 MW/m2. 

V CONCLUSIONS 
A s  f o r  most concep tua l  f u s i o n  r e a c t o r  s t u d i e s ,  t h e  c r e d i b i l i t y  and 

f e a s i b i l i t y  of most eng inee r ing  systems is determined i n  l a r g e  p a r t  by t h e  
p h y s i c s  assumed t o  g e n e r a t e  t h e  r e a c t o r  plasma model and r e l a t e d  energy 
ba lances .  Energy loss from t h e  plasma i n c u r r e d  d u r i n g  i n i t i a t i o n  and sus t enance  
of t h e  f i e l d - r e v e r s e d  c o n f i g u r a t i o n  r e p r e s e n t s  t h e  major u n c e r t a i n t y .  The 
p l a s m a / f i e l d / f i r s t - w a l l  response dur in l :  t h e  rundown phase of t h e  long-pulse 
power c y c l e  p r e s e n t s  a second important u n c e r t a i n t y .  Within t h e  c o n s t r a i n t s  of  
t h e  assumptions made f o r  bo th  energy confinement and rundown p rocesses ,  f e a s i b l e  
t e c h n i c a l  d e s i g n s  f o r  a l l  eng inee r ing  systems have been i d e n t i f i e d .  
Furthermore,  s e n s i t i v t t y  s t u d i e s  o f  the i n f l u e n c e  of key phys ic s  ( i .e. ,  b e t a )  
and eng inee r ing  parameters (Lee-  , energy t r a n s f e r / s t o r a g e  e f f i c i e n c y )  i n d i c a t e  

5 



t h a t  a r e l a t i v e l y  s a f e  margin f o r  e r r o r  e x i s t s  b e f o r e  a s e r i o u s  deg rada t ion  i n  
RFPR system performance and c o s t  is i ncu r red .  

I n  many ways t h e  RFPR p r e s e n t s  d e s i r a b l e  system on which t o  examine t h e  
t e c h n i c a l  and economic f e a s i b i l i t y  of magnetic f u s i o n  power, given a f a v o r a b l e  
r e s o l u t i o n  of t h e  abovementioned phys ic s  i s s u e s .  The r e s u l t s  of t h i s  s t u d y  
i n d i c a t e  t h a t  an e f f i c i e n t  power p l a n t  may emerge from t h e  r e l a t i v e l y  low 
technology requirements  embodied i n  ohmic h e a t i n g  and batch-burn ope ra t ion .  
S p e c i f i c a l l y ,  t h e  postponement of advanced h e a t i n g ,  f u e l i n g  and ash-removal 
systems from t h e  f i r s t - g e n e r a t i o n  power p l a n t ,  wh i l e  s i u u l t a n e o u s l y  o p e r a t i n g  
w i t h  a s t r o n g  promise of h igh  e f f i c i e n c y  and low c o s t ,  could l ead  t o  a 
lower - r i sk  approach t o  f u s i o n  power. Once u n c e r t a i n t i e s  are resolved and 
e x p e r i e n c e  i s  ga ined  through batch-burn o p e r a t i o n ,  improvement of system 
performance can  be  achieved by i n c o r p o r a t i n g  f u e l i n g  and ash-removal systems,  
l e a d i n g  u l t i m a t e l y  t o  a s t e a d y - s t a t e  power p l a n t .  These improvements would be  
ach ieved  from the s t r o n g e r  technology base  and o p e r a t i n g  expe r i ence  t h a t  could 
b e  b u i l t  from economic, batch-burn ope ra t ion .  
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Fig.  1. Comparison of magnetic and Fig.  2 ,  RFPR (superconduct ing c o i l s ,  
p r e s s u r e  p r o f i l e s  f o r  a dq /d r  f 0 a i r - c o r e  s y s t e m  'burn parameters u s i n g  
s t a b i l i z e d  RFP and a q > 1 s t a b i l -  confinement time T E  = 200 TBohm. The 
i zed tokamak- burn t r a j e c t o r y  is i n  good agreement 

w i t h  t h a t  r e q u i r e d  by t h e  high-B model 
f o r  a minimum-energy c o n f i g u r a t i o n .  Table  I 

Summary D e s c r i p t i o n  of RFPR Design 
Parameters 

Parameter Value 

F i r s t - w a l l  r a d i u s ,  rw(m) 1 a 5  

Major r a d i u s ,  R(m) 12.7 
T o r o i d a l  plasma c u r r e n t ,  14(MA) 20.0 
T o r o i d a l  f i e l d  a t  t h e  c o i l ,  B ,(T) 
P o l o i d a l  f i e l d  a t  t h e  c o i l ,  Bec(T) 

Po l o i d a l  c o i l  energy, WBe (G J)  

2.0 
2.0 

11.0 

Burn t i m e ,  T B ( s )  21.6 
Cycle time, T ~ ( S )  26.6 
Average f u e l  burnup, f g  0.5 

4 
T o r o i d a l  c o i l  energy,  W (GJ)  3.7 

F i e l d  rise time, T ~ ( s )  0.1 

B4 

Average plasma d e n s i t y ,  n(1020/m3) 2.0 
Average plasma temperature ,  Ti,e(kev) 15 
14.1-MeV neutron c u r r e n t  a t  f i r s t  

wall ,  Iw(MW/m2) 2 .7  
Engineer ing +value,  Q, 5.8 VACUUM PUMP 

R e c i r c u l a t i n g  power f r a c t i o n ,  

Average b l a n k e t  power d e n s i t y ,  PBLK 
E = l/QE 0.17 

F i n .  3 .  I s o m e t r i c  view of RFPR ( M W / ~ ~ )  4.7 - 
Average system power density, Psys power p l a n t .  

( ~ ~ / m 3 )  0 .9  
T o t a l  thermal  power, P ( M W t )  3000 
Net e lec t r ica l  power, 6!(MWe) 750 
Net p l a n t  e f f i c i e n c y  , 

u p  r ? T H ( l e )  0.25 
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R E C E N T  CULHAM REACTOR STUDIES WITH RFP R E L E V A N C E  
W . R .  Spears 

Culham Laboratory, Abingdon, Oxon. OX14 3DB, U . K .  
( E u ra tom/ U KAEk F u s i on As s oc i a t  i o t i  ) . 

1 .  INTRODUCTION 
The C u l h a m  based design of a Reversed Field Pinch Reactor (RFPR) with super- 
conducting magnetic f ie ld  windings was undertaken in 1977/78 ( 1 ) .  During 1979, 
i n  order t o  p u t  t h i s  RFPR design in perspective the design of a Tokamak has been 
developed operating w i t h  a pulsed burn under the same engineering constraints as 
the C u l h a m  RFPR. More recently, the Culham and LASL (2) concepts of the RFPR 
have been compared. 
drawing p a r t i c u l a r  attention t o  the key areas of plasma behaviour in which u n -  
cer ta int ies  a n d  a lack of understanding are hindering further progress in the 
engineering design of the RFPR. 
2 .  T H E  CULHAM RFPR DESIGN 
Between 1975 and 1978 detailed conceptual studies were carried o u t  t o  define the 
physical conditions, technological requirements and optimum parameters for  econ- 
omic operation of a reactor exploiting where possible the special features of the 
RFP. The f i r s t  design (3-7) employed a magnetic f ie ld  system w i t h  normal wind-  
ings and  consequently incurred considerable cost and  energy penal t i e s .  
ent design with superconducting windings was therefore developed. 
meters are shown i n  Table I .  
S i m u l a t i o n s  o f  the plasma b u r n  ( u s i n g  an  ideal MHD s t a b l e  f i e l d  prof i le  due t o  
Robinson (8)  in w h i c h  8 = 2 ( F = - 0 . 7 5 )  and  B =0.35) showed t h a t  for a significant 
value of energy mu1 tip1 ication f a c t o r  Q (tflermal energy output/circulating energy 
t o  sustain plasma cycle) a plasma temperature control mechanism i s  required. 
Since, a t  present, no divertor or refuelling concept has been suggested for the 
RFP the b u r n  must be pulsed, and  t h i s  mechanism must produce an energy contain- 
ment time during the plasma b u r n ,  T much shorter t h a n  the burn  time, ‘Ib, which 
i t s e l f  must be shorter t h a n  the partfcle containment t ime? . 
temperature of 10 keV with fractional b u r n u p  of 30%. No such mechanism has yet 
been observed, b u t  i t  i s  t h o u g h t  t h a t ,  controlled nlasma exnansion and connression 
or inst.abil i t i e s  denendent on beta  1 imits way nroduce suff ic ient ly  r a p i d  energy 
expulsion from the plasma. 
Dur ing  the establishment of the RFP configuration by the process of self-reversal ,  
plasma current must be raised t o  i t s  operating value in a time which i s  a com- 
promise between the high capital costs and energy losses associated with rapid 
energy transfer and switching systems and the increasingly significant plasma 
magnetic energy dissipation incurred by slower creation. A time of 0.5 seconds 
was chosen for  these studies, 

This note summarises briefly these reactor compari sons, 

The pres- 
Reactor para- 

Typically T 11-r 
must be greater than 10 ,  and  calculations show t h a t  Q i s  ma!imised a t  a bu 1 -  n 

An in t r ins ic  advantage of the RFP configuration i s  the possibil i ty of sufficient-  
ly rapid ohmic heating t o  ignition provided certain rest r ic t ions are observed. 
These res t r ic t ions ,  f i r s t  formulated by Lawson ( 4 ) ,  require that  the product of 
neutron wall load ing  and the cube of the plasma radius be less  t h a n  some number 
dependent on plasma f i e ld  profiles and operating temperature. The total  particle, 
conduction, imcurity radiation and charge exchange energy 1 sses must ai o be much less  than  bremsstrahlung. 
time these relationships lead t o  the choice of a wall radius o f  1.5m i n  the 
reactor design. 

For a heating time much ?ess t h a n  theSburn 
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The magnetic and kinetic energy recoverable from the RFP configuration during 
controlled rundown a t  the end of the burn  i s  an important factor i n  the circu- 
lating energy of the reactor and  needs further study. 
assumed t h a t  40% of the energy inside the f i r s t  wall may be recovered by plasma 
expansion against the magnetic f i e l d ,  the remainder being dissiPated as heat on 
the f i r s t  wall. 
Ideally, the production of the RFP configuration takes place within a perfectly 
conduct ing shell which conserves t o r o i d a l  f l u x ,  maintains equilibrium and sup- 
resses k i n k  i n s t ab i l i t i e s .  I n  a practical system f l u x  and equilibrium can be 
controlled by currents in external conductors, provided gaps ex is t  in the shell 
t o  permit f ie ld  penetration. 
copper shell  was proposed for  controlling short (0 .5  sec.)  timescale instab- 
i l i t i e s  w i t h  longer timescale control afforded by actively driven windings be- 
hind the blanket. 
much greater t h a n  i t s  radius, and i n  t h i s  design the length has been assumed 
t o  be four times the plasma radius. 
Engineering requirements, in addition t o  those implied by the plasma physics 
constraints described above were placed on the reactor design. A n  e lectr ical  
power output of 600 MW was chosen t o  re f lec t  the desirabi l i ty  of constructing 
small units.  To produce a tolerable coolant temperature r i s e  i n  the f i r s t  wa l l ,  
which receives greater than  25% of the pulsed plasma heat o u t p u t ,  requires the 
choice of a low mean neutron wall loading ( 1 . 5  M W / m 2 ) .  For thermal energy con- 
version efficiency t o  be as h i g h  as possible the Culham solution was t o  inser t  a 
h i g h  temperature radiation shield between the plasma and the passive shell which 
i s  thernially insulated and operated a t  lower temperature t o  preserve i t s  conduct- 
ivi ty .  This, with the assumption t h a t  the blanket and inner shield would be 
maintainable in a ser ies  of simple, remotely controlled operations has led t o  a 
design i n  w h i c h  for an acceptably low(4% peak to peak) f ie ld  ripple,  toroidal 
f ie ld  coi ls  and poloidal f ie ld  coi ls  must be movable t o  withdraw a blanket seg- 
ment. Since b o t h  poloidal and toroidal f ie ld  systems are pulsed, they are as 
close t o  the plasma as possible to  minimise energy storage and transfer re- 
quirements b u t  poloidal f ie ld  w i n d i n g s  do  n o t  l i n k  the toroidal f ie ld  coi ls .  
Sensitivity analyses performed on the Culham design show t h a t  t o  maximise 
energy multiplication and minimise cost the energy per reaction, plasma pressure 
ra t io  B, and mean neutron wall loading must be maximised. 

C u l h a m  studies have 

I n  the Culham design, a passive 2.5 cm thick 

For the  shell t o  be effective i t s  assembled length must be 

3. COMPARISON WITH LASL DESIGN 
The reactor parameters shown in Table I were derived by independent optimisation 
studies performed by the two groups based a t  Culham and LASL. Despite the u n -  
cer ta int ies  of . the  plasma physics models used and differences i n  the assumed 
engineering constraints these designs have many s imi la r i t i es .  The major differ-  
ence between the designs occurs i n  the way i n  which the passive shell i s  incor- 
porated. 
I n  the Culham design, with separate helium cooled radiation shield and passive 
shell , thermal conversion efficiencies of 40% may be possible. However, thermal 
insulation i s  required between the shell and the ad jacent  radiation shield and 
blanket, arid because of the d i f f icu l ty  of welding shell segments together behind 
a radiation shield,  segment, length i s  determined by shell effectiveness leading 
t o  a horizontal maintenance procedure between movable toroidal and poloidal 
f ie ld  co i l s .  
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In the LASL d e s i g n  a water cooled combined radiation shield and shell i s  used. 
A l t h o u g h  the shell aids neutron m u l t i p l i c a t i o n  i t  cannot be too thick without 
impairing tritium production and a thickness of 2 cm has been assumed. With 
th i s  shell 38% of the reactor thermal output i s  dissipated in the f i r s t  wall/ 
shell resulting i n  higher temperature operation, lower thermal conversion 
efficiency, and control over i n s t ab i l i t i e s  on only  a 0.1 second timescale. 
The power consumed in active feedback in th i s  design i s  therefore l ikely t o  be 
higher t h a n  the 14 MW estimated for the Culham design. 
shel ls  of b o t h  designs are capable of controlling in s t ab i l i t i e s  on the timescale 
o f  the i r  respective current risetimes. The shorter shell segments (% 2m) o f  the 
LASL concept, w h i c h  may be welded together t o  form a n  adequately effective shell 
i f  required,allow a vertical maintenance procedure between fixed toroidal and 
poloidal f ie ld  co i l s ,  b u t  the extent to which the number of toroidal f ie ld  co i l s  
and  the distance of poloidal f ie ld  co i l s  from the plasma can be reduced depends 
t o  a large extent on the tolerable levels of toroidal f ie ld  ripple a t  the outer 
plasma edge. 
The cost and  energy analysis of the designs are in quite good agreement. 
circulating power requirements are % 20%, and are dominated by plasma energy 
losses during startup and rundown. 
essential t h a t  these losses be quantified and minimised. 
4 .  COMPARISON WITH TOKAMAK 
Any RFP/Tokamak comparison can only be tentative a t  t h i s  stage, since experi- 
mental confirmation of Tokamak physics i s  further advanced t h a n  t h a t  of the RFP. 
While significant e f for t  i s  now being made to  extend the Tokamak plasma burn  t o  
quasi-steady s t a t e  no studies have been carried o u t  on the application of diver- 
tors and refuelling to the RFP. For these reasons a Tokamak design ( 9 )  has 
been made a t  C u l h a m ,  using the same ground rules as were used for the Culham 
RFPR study, 
net power o u t p u t .  The main parameters o f  t h i s  device are also shown in Table I .  
I n  the RFP, there i s  l i t t l e  res t r ic t ion on plasma aspect ra t io  and a small minor 
radius and h i g h  toroidal current density should permit rapid ohmic heating t o  
ignition. In the Tokamak, a t i g h t  aspect ra t io  i s  needed f o r  s t a b i l i t y ,  and 
th i s  i s  achieved using a larger minor radius and vertical  plasma elongation 
( b / a  = 1.68) t o  give the same wall area as the RFP. 
factor a t  the plasma edge, plasma current cannot be too large and ohmic heating 
i s  insufficient t o  reach i g n i t i o n .  Additional heating (neutral injection 
assumed) must therefore be provided. 
The t ighter  aspect ra t io  of the Tokamak reduces the mutual inductance of plasma 
and primary leading t o  higher primary current i n  the Tokamak despite the lower 
plasma current. 
also larger t h a n  for the circular  RFP. 
toroidal f ie ld  values on the plasma centreline,  in the RFP only the small re- 
versed f ie ld  a t  the plasma edge needs to  be supplied by the external co i l s ,  
whereas in the Tokamak the similari ty of vacuum and plasma toroidal f ie lds  re- 
su l t s  in high f ie ld  a t  the co i l .  However, the steady s t a t e  toroidal f ie ld  
systems o f  the Tokamak can be o f  simpler construction as pulsed f ie lds  are 
greatly reduced. 
cheaper i n  the RFP than i n  the Tokamak as would be expected from the difference 
in total  beta values. 

Note, however, t h a t  the 

Re- 

Before these designs develop further i t  i s  

and  i n  particular operating a t  the same neutron wall loading and 

For an adequate safety 

The equilibrium f i e ld  o f  the non-circular Tokamak plasma i s  
Although b o t h  devices have similar 

Despite t h i s ,  the magnetic confinement system as a whole i s  
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The energy multiplication factors computed for the Tokamak and the RFPR are very 
similar. Losses of magnetic and kinetic energy d u r i n g  olasma current startup 
and  rundown are more t h a n  ten times larger for the RFP than for  the Tokamak i f  
scaling laws based on ZETA resul ts  can be extrapolated t o  reactor dimensions. 
This i s  an important area of understanding where the possible benefits of the 
RFP are being held back by the lack of knowledge of the physical processes in- 
volved. The cost analyses of the two devices, though tentat ive,  seem t o  indi- 
cate t h a t  n o t  only can the magnetic confinement of the RFP be cheaper than  t h a t  
of the Tokamak, b u t  also the lack of additional heating produces a further cost 
saving. Energy storage and transfer requirements of the two devices are also 
similar with the nulsed poloidal and to ro ida l  f ie ld  supplies of the RFP balancing 
those for  the poloidal f ie ld  and neutral injectinn it! the Tokamak. 
5. UNRESOLVED PHYSICS QUESTIOVS WITH MAJOR REACTOR DESIGN IMPLICATIONS 
Listed below are some of the major questions which need t o  be answered before 
RFP reactor design can proceed further.  
a )  
be effective? What are the requrrements of active feedback and the effect  of 

Is a passive shell necessary? I f  yes, how long a n d  thick must i t  be t o  

gaps? 
I MPC I CAT I ON S 
e f f i c i ency ; 
Blanket mult 
b )  How can 
IMPLICATIONS 

Blanket segmentation; Maintenance method and frequency; Thermal 
Vacuum pumping; Energy of active control; F i r s t  wall design; 
plication. 
exhaust and refuelling be carried o u t  on the RFP configuration? 

Wall loading; Burn time; Blanket, shell and magnet design. 
c )  
controlled in magnitude? What i s  the cos t  (energetically and  f inancially) of 
such control? How much plasma energy i s  recoverable a t  the end of the b u r n ?  
IMPLICATIONS: Energy transfer and storage; Energy mu1 t i p l  ication factor;  
Walr loading. 
d )  
IMPLICATIONS: Maintenance method and availabil i ty;  Magnetic energy require- 
ments. 
e )  
IMPLICATIONS: Wall radius; Wall loading; Energy multiplication factor.  
f )  
IMPLICATIONS: 

How do plasma losses during startup and rundown scale,and can they be 

What i s  the maximum t o r o i d a l  f i e ld  ripple a t  the outer plasma edge? 

Is ohmic heating t o  ignition possible and sufficiently r a p i d ?  

Can a mechanism providing 'IE< T ~ <  -rp be demonstrated? 
Energy mu1 t ip l  ication factor .  
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TABLE I 

COMPARISON OF CULHAM RFPR, LASL RFPR AND CULHAM PULSED TOKAMAK DESIGNS 
Parameter Cul ham 

Net ou tpu t  power (MWe) 600 

Thermal conversion e f f i c i e n c y  0.4 
Major rad ius  (m) 14.5 

1.5 
1.5 

Minor rad ius  (m) 
Mean neutron w a l l  l oad ing  (MW/m ) 
Toro ida l  plasma c u r r e n t  (MA) 17 
Average p o l o i d a l  beta 0.35 

Dura t ion  o f  c u r r e n t  r i s e  ( s )  0.5 

Durat ion o f  burn exc lud ing heat ing  ( s )  25 

Toro ida l  f l u x  dens i t y  on a x i s  ( T )  3.8 

Number o f  t o r o i d a l  f i e l d  c o i l s  28 
P r i m a r y  c u r r e n t  (MA) 28 
Star tup  and rundown energy losses 
(GJ 1 
Energy storage requirement (GJ) 
Reci r c u l  a t i  ng power f r a c t i o n  
D i r e c t  s p e c i f i c  cos t  ($/kWe) 1500 

RFPR 

Gross thermal power (MWt) 1900 

2 

Average t o t a l  beta 0.19 

Durat ion o f  heat ing  phase ( s )  4 

Durat ion o f  f u l l  c y c l e  ( s )  37 

Toro ida l  f l u x  dens i t y  a t  c o i l  ( T )  -1 .o 

2.92 
8.5 
0.21 

LASL 
RFPR 

7 50 
3000 

0.3 
12.7 

1.5 
2.7 

0.3 
0.20 
0.1 
5 

19 
27 

3.8 
-2.0 
20 
32 

20 

1.77 

0.17 
14.7 

1100 

Cul ham 
Tokamak 
600 

1825 
0.4 
7.8 
2.0 
1.5 

2 . 5  
0'. 08 
1 .o 
6 

27 
41 

11 

3.9 
8.3 

20 
68 

0.27 
8.2 
0.19 

1900 
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OHMIC HEATING AND I G N I T I O N  STUDIES 

R. Gerwin, R. W. Moses, Jr., R. Spencer 
Los Alamos S c i e n t i f i c  Labora tory  
Los Alamos, New Mexico 87545 

R. A. Nebel 
U n i v e r s i t y  of I l l i n o i s  
Urbana, I l l i n o i s  61801 

I. OHMIC HEATING MODEL 
We perform a n  ohmic h e a t i n g  c a l c u l a t i o n  f o r  a f i x e d  p r o f i l e  of minor r a d i u s ,  

a ,  w i t h  6 << 1. 'his procedure is meaningful because of t h e  time s c a l e s  
involved. Zhe c h a r a c t e r i s t i c  h e a t i n g  time I s  tu - Ba2/D,, where D P (c2/4m)nn 
w i t h  nl being  t h e  p a r a l l e l  r e s i s t i v i t y .  The f i e l d s  undergo resistfve e v o l u t i o n  
over  a uuch longe r  time of o r d e r  a2/D1,  denoted by T . (This occur s  because 
t h e r e  is no c y l i n d r i c a l l y  symmetric r e s i s t i v e  stea$ state wi th  a r e v e r s a l  i n  
Bz( r ) . )  The cross f i e l d  p a r t i c l e  d i f f u s i o n  t akes  p l a c e  on a s t i l l  longe r  time 
scale of o r d e r  f3-1a2/Dl. 

The classical  e q u i p a t t i t i o n  time, is approximately t - rHB-1(c2/$ia2). 
For  n > 1014 cm73, and a 3 20 cm, one f i n d s  teq.  <  to^ provided  f3 > 2%. 
E q u a l i t y  of s p e c i e s  tempera tures  t h e n  becomes a f a i r  approximation which 
improves r a p i d l y  w i t h  i n c r e a s i n g  minor r ad ius .  

If t h e  c r o s s - f i e l d  thermal conduct ion  time, TE, were classical, i t  would be 
much l o n g e r  than  THO Here, however, we assume t h i s  p rocess  t o  be anomalous, 
With N THO Then, t h e  s i m p l i f i c a t i o n  of a uniform tempera ture  becomes 
r e l e v a n t  . 

lhese c o n s i d e r a t i o n s  sugges t  t h a t  a low beta RFP retains i t s  i n i t i a l  f i e l d  
p r o f i l e s  du r ing  t h e  hea t ing ,  which occurs  wi th  roughly equa l  and uniform s p e c i e s  
t empera tu res  . 

(These estimates are v a l i d  provided BnL << n,,.) 
eq 

XI. PRESSURE BALANCE 
Suppose t h a t  t h e  d e n s i t y  p r o f i l e  n(r) = n o ( l  - r 2 / a 2 )  i s  a good 

r e p r e s e n t a t i o n  f o r  r < a ,  and t h a t  t h e  t o r o i d a  i e l d  e x h i b i t s  a small r e v e r s a l  
n e a r  t h e  edge of t h e  plasma, so t h a t  B t r f  = B o ( l  - r2/a2) is a l s o  a good 
r e p r e s e n t a t i o n  f o r  r < a. ' h e n  one f i n d s  B (rf from p r e s s u r e  balance,  J,(r> from 
VX;, and t h e  t o t a l  h e a t i n g  ra te  from s a V  J f t n r d r .  

Some u s e f u l  r e l a t i o n s  w i t h  t h e  pofo!dal b e t a  are Bp12 = c o n s t .  x NT where N 
is t h e  l i n e  d e n s i t y ,  T is t h e  tempera ture ,  and I is t h e  t o r o i d a l  c u r r e n t ;  and 
Bo - B8(a)(2f3 /B )112, where Bo i s  t h e  l o c a l  b e t a  a t  r = 0. 

P r e s s u r e  'bafance a t  r = a can  be wr i t t en  as f3pl= 1 + ( l . S B o ) - l ,  and a l s o  a8 
I(1-8 = cons t .  x @Ja, where is t h e  t o r o i d a l  f l u x  t rapped  w i t h i n  t h e  
plasm1 dur ing  t h e  time T ~ .  me l a t t e r  form s u g g e s t s  t h a t  h e a t i n g  a t  c o n s t a n t  
c u r r e n t  is  un tenab le  because t h e  r a d i u s  "a" i n c r e a s e s ,  and h e a t i n g  c o n s t a n t  
B is un tenab le  because "a" d e c r e a s e s ,  l o s i n g  wall  s t a b i l i z a t i o n .  The beet  
stheme would be t o  s l i g h t l y  i n c r e a s e  I as  Bp i n c r e a s e s ,  t hus  ho ld ing  t h e  r a d i u e  

a t  

11 I t  a cons tan t .  

111. POWER BALANCE 
Eva lua t ion  of t h e  h e a t i n g  ra te  as o u t l i n e d  above y i e l d s  D I B  t o  a good 

a p p r O X i ~ t i O n ,  f o r  Bo < 30%. (Here, we have suppressed  a complicate! f u n c t i o n  
Of Bo, g($ 1, as a m l t i p l i c a t i v e  factor t h a t  is c l o s e  t o  u n i t y .  For more 
g e n e r a l  p r o f h e s ,  t h e r e  w i l l  occu r  y e t  a n o t h e r  m l t i p l i c a t i v e  shape f a c t o r  of 
o r d e r  u n i t y  in t h i s  express ion . )  Because of t h e  s h o r t  h e a t i n g  time a t  low b e t a  
compared t o  t h e  r e s i s t i v e  e v o l u t i o n  time, power ba lance  w i l l  be achieved  wh i l e  
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t h e  p r o f i l e s  r e t a i n  t h e i r  i n i t i a l  shapes.  Ignor ing  impur i ty  r a d i a t i o n ,  t h i s  
( g l o b a l )  power ba lance  c o n d i t i o n  is, 

1) Ohmic h e a t i n g  + Alpha h e a t i n g  = Bremsstrahlung l o s s e s  + 3NT/'rE 

where t h e  f i n a l  term r e p r e s e n t s  anomalous thermal  conduct ion  l o s s e s .  Here, 
s u b s t i t u t e  t h e  above e x p r e s s i o n  of t h e  h e a t i n g  rate, and well-known expres s ions  
f o r  r a d i a t i o n  l o s s e s  and h e a t i n g  by a lpha  p a r t i c l e s .  Take 'I, ( b u t  not  nl) t o  be 
s t r i c t l y  c l a s s i c a l  ( w i t h  ln(A) = 16) and employ p r e s s u r e  ba lance  and t h e  
r e l a t i o n  between Bo and Be(a). Then Eq. (1) can  be put  i n  t h e  Pease  form, 

where T b  = c o n s t .  x T1'2/no is a c h a r a c t e r i s t i c  c o o l i n g  time due t o  r a d i a t i o n ,  
and T is a c h a r a c t e r i s t i c  h e a t i n g  time due t o  a l p h a  p a r t i c l e  depos i t i on .  (One 
h a s  Tb?Ta = c o n s t .  x <UV>DT T'112). (Again a complicated f u n c t i o n  of Bo has 
been suppressed  as a m u l t i p l i c a t i v e  f a c t o r  t h a t  is very  c l o s e  t o  u n i t y  f o r  
B o  c 30%, and Eq. ( 2 )  i s  more a c c u r a t e  a t  lower beta va lues . )  T h i s  Pease 
r e l a t i o n  r e q u i r e s  n e i t h e r  a s t eady  state, no r  classical c r o s s  f i e l d  r e s i s t i v i t y .  

if r a d i a t i o n  were t h e  only loss ( TE >> Tb) and  i f  t h e r e  were no a lpha  
d e p o s i t i o n  ( T ~  >> T ), one would r e q u i r e  a t o r o i d a l  c u r r e n t  of a t  least  4 MA t o  

one has  I > 10 MA. The n e c e s s i t y  f o r  such h igh  c u r r e n t s  is s o f t e n e d  by t h e  
p re sence  of a d d i t i o n a l  l o s s e s  (TE).  

Thus, 

observe  a power ba P ance wi th  6 < 50% ( f o r  i d e a l  MHD s t a b i l i t y ) .  For $, < 20%, 

I V .  ALTERNATIVE REPRESENTATIONS OF POWER BALANCE 
Combining Eq. ( 2 )  w i t h  Bp12 - c o n s t .  x NT, one f i n d s  

3) BPN(m-') T(keV) 6.3 x 1 O 2 O / [ 1  + (Tb/TE) - ( T b / T a ) ]  

(The f u l l  e x p r e s s i o n  wi th  t h e  complicated Boodependence is  about 30% smaller a t  
B o  - 30%, and Eq. (3)  is more a c c u r a t e  a t  lower b e t a  values.)  D i v i s i o n  of 
Eq. ( 2 )  by Eq* (3) y i e l d s  

(The f u l l  exp res s ion  wi th  t h e  B0-dependence is about  15% l a r g e r  a t  $, - 30%, and 
Eq. (4) is more a c c u r a t e  a t  lower beta values.)  T h i s  form is convenient f o r  t h e  
d i s p l a y  of p o w e r b a l a n c e  and i g n i t i o n  c o n d i t i o n s ,  as noted by t h e  Padua group 
( S .  O r t o l a n i ,  p r i v a t e  comuunication). 

Wri t ing  Eq. (3) more completely (in cgs u n i t s )  as 

where v i 1 =  2s T 3 / 2 ,  and where t h e  r a d i a t i o n  power d e n s i t y  is 
w i t h  SI and b c o n s t a n t s ,  p r e s s u r e  ba lance  is used t o  expres s  $ f n  terms of BOB 
and Bo c a n  then  be so lved  f o r .  

Pbr 
P 

- bn 2T 

One f i n d s  
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(Note t h a t  g(So) is c l o s e  t o  un i ty . )  Equat ion  ( 5 )  d i s p l a y s  t h e  intimate 
connec t ion  between t h e  b e t a  v a l u e  achieved  i n  a s t a t e  of power ba lance  and t h e  
r a t i o s  of t h e  fundamental t i m e  s c a l e s  of t h e  problem. Equation ( 5 )  a l s o  i m p l i e s  
t h a t  t h e  average  ohmic h e a t i n g  rate p e r  p a r t i c l e  a t  power ba lance  is given  by 
( (3/32)B0~,,)'1, which is c o n s i s t e n t  w i t h  a time-dependent a n a l y s i s  of t h e  
h e a t i n g  of t h e  RFP. Thus, Eqs. (3 ,  4, 5 )  are a l l  equ iva len t  t o  t h e  Pease 
r e l a t i o n ,  Eq. (2 ) .  

V. THE APPROACH TO POWER BALANCE 
If Eq. (1) is r ep laced  by a time-dependent equa t ion ,  w i th  t h e  d i f f e r e n c e  

between t h e  i n s t a n t a n e o u s  h e a t i n g  and l o s s  rates s e t  t o  3NdT/dt, then one has  a 
d e s c r i p t i o n  of t h e  tempera ture  rise. Use of t h e  power balance c o n d i t i o n  
(denoted  by "f" f o r  f i n a l  va lue )  i n  yet ano the r  form, 

and no rma l i za t ion  of t h e  tempera ture  t o  Tf (normalized tempera ture  called T ) ,  
and no rma l i za t ion  of t h e  time t o  (3/32)B0 T (normalized time c a l l e d  T) ,  a l lows  
t h e  r e s u l t i n g  o rd ina ry  d i f f e r e n t i a l  equat  f on nf t o  be w r i t t e n  as 

Here, g($,) is p r a c t i c a l l y  u n i t y  f o r  c a s e s  of i n t e r e s t .  Also t E ( T )  is an 
a r b i t r a r y  f u n c t i o n  of tempera ture  and (Tb/Ta) is a known f u n c t i o n  of 
temperature.  F i e l d  d e p l e t i o n  has been neglected.  Taking i t  i n t o  account 
changee t h e  asymptot ic  approach t o  power balance t o  one where t h e  ba lance  is 
ach ieved  a t  a f i n i t e  time. 

E q .  ( 6 )  is a convenient O.D.E. f o r  d e s c r i b i n g  tempera ture  ve r sus  time dur ing  
RFP hea t ing .  It depends on only t h r e e  parameters ,  t h e  f i n a l  loss time r a t i o  
(Tbf/TEf) ,  and t h e  i n i t i a l  and f i n a l  tempera tures .  It p r e d i c t s  t h a t  e u b i g n i t i o n  
s ta tes  of power balance are approached i n  a manner t h a t  is i n s e n s i t i v e  t o  t h e s e  
t h r e e  parameters.  is always a good measure 
of t h e  time needed t o  approach power balance,  as v e r d f e d  by ou r  l-D t r a n s p o r t  
codes. 

In p a r t i c u l a r ,  t h e  time ( 3 / 3 2 ) B O f ~  

V I .  NUMERICAL RESULTS: I G N I T I O N B  WETWOOD BURNERS, AND TEMPERATURE RISE 

A. I g n i t i o n  Condi t ions  
The g e n e r a l  s t r u c t u r e  of t h e  i g n i t i o n  c r i t e r i o n  is ob ta ined  by t r e a t i n g  

( T b ~ / T ~ ) - s i ~ l y  as a parameter. Then,-the r i g h t  s i d e  of t h e  power ba lance  
con i t  on, Eq. (4), looks l i k e  t h e  h i l l  p l o t t e d  i n  Fig. la. The i n t e r s e c t i o n  
p o i n t s  of t h e  hill and t h e  h o r i z o n t a l  l i n e  r e p r e s e n t i n g  a g iven  value of t h e  
t o r o i d a l  c u r r e n t - l i n e  d e n s i t y  r a t i o ,  I / N ,  t hen  de termine  t h e  states of power 
balance.  From Fig. l a ,  we see two such states f o r  one va lue  of I/N. Their 
s i g n i f i c a n c e  is seen i n  Fig. l b  where t h e  rate of tempera ture  r i s e ,  Eq. ( 6 ) ,  is 
s c h m a t i c a l l y  p l o t t e d .  Ihe S power ba lance  p o i n t  is s t a b l e  and t h e  U p o i n t  is 
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uns tab le .  These correspond t o  t h e  two p o i n t s  i n  Fig. la. To ach ieve  i g n i t i o n  
( the rma l  run-away), make S c o i n c i d e  wi th  U. k o m  Fig. l a ,  t h i s  is done by 
r a i s i n g  t h e  va lue  of (I/N) u n t i l  t h e  h o r i z o n t a l  l i n e  j u s t  g razes  t h e  t o p  of t h e  
h i l l .  At t h a t  s p e c i a l  va lue ,  i g n i t i o n  just becomes p o s s i b l e  f o r  t h e  g iven  loss 
parameter  (Tb/TE) . 

This view of i g n i t i o n  has been n i c e l y  checked by our  s e l f - c o n s i s t e n t  1-D 
t ranspor t -burn  code, RFPBRN (desc r ibed  elsewhere i n  t h e s e  proceedings) ,  as shown 
i n  Fig. 2 ,  i n  which ( I / N )  and  cT> were fo l lowed in time by t h e  code, w i th  
(Tb/TE) a g iven  cons tan t .  S i m i l a r l y ,  good agreement was obta ined  when both 
approaches inco rpora t ed  a more s o p h i s t o c a t e d  loss mechanism of t h e  Bohm type.  
I n  t h e  code, t h e  e lec t r ica l  boundary c o n d i t i o n s  were cont inuous ly  a d j u s t e d  SO as 
t o  keep t h e  pinch r a d i u s  f ixed ,  as envis ioned  a l s o  in t h e  a n a l y t i c  model. 

We see t h a t ,  f o r  - Tb, i g n i t i o n  g e n e r a l l y  r e q u i r e s  ( I / N )  va lues  on t h e  
o r d e r  of Ampere-meters, as poin ted  out  by t h e  Padua group (S. Orto lan i ,  
p r i v a t e  comrmnication). >> l),  it may be 
d i f f i c u l t  t o  raise ( I / N )  enough t o  achieve  i g n i t i o n .  b examine t h i s  
p o s s i b i l i t y  next.  

However, for very l o s s y  systems (Tb/T 

B . We twood Burners  
A wetwood burner  s t a t e  is a n  un ign i t ed  c o n d i t i o n  of p w e r  balance t h a t  

o p e r a t e s  a t  t h e  thermal ly  s t a b l e  p o i n t  S. If such a s t a t e  is formed a t  many 
k i l o v o l t s ,  thermonuclear ou tpu t  may make t h e  device  s u f f i c i e n t l y  u s e f u l  t o  
be ex tens ive ly  s t u d i e d  exper imenta l ly .  Here, we i n d i c a t e  t h e  p o s s i b i l i t y  of 
forming such states i n  modest devices .  

As sugges ted  by Eqs. ( 2 )  and (4), f o r  f i x e d  Bp, n ,  and T,  small c u r r e n t s  and 
small dimensions should be a s s o c i a t e d  w i t h  lossy systems ( l a r g e  Tb/TE). For 
example, we choose Tb/TE - 100, T = 8 keV, and p l o t  i n  Fig.  (3) t h e  allowed 
l o c u s  of power ba lance  p o i n t s  from t h e  a n a l y t i c  model equat ions .  We see t h a t  
ve ry  low b e t a  (- 1%) o p e r a t i o n  r e q u i r e s  uncomfortably l a r g e  dimensions and high 
c u r r e n t s  a t  t h e  lower d e n s i t i e s ,  and r e q u i r e s  r a t h e r  l a r g e  magnetic f i e l d s  a t  
t h e  h ighe r  d e n s i t i e s .  However, a t  somewhat l a r g e r  b e t a  (- l o%) ,  we do indeed 
f i n d  power balance states of modest s ize  (a - 0.25 m ) ,  modest c u r r e n t  
(I - 2 MA), So a 
very l o s s y  system (by r e a c t o r  s t anda rds )  e x h i b i t s  a power balance a t  8 keV, wi th  
modest s i z e ,  c u r r e n t ,  f i e l d  s t r e n g t h ,  and reasonable  b e t a  value. In Fig. 4 we 
show v e r i f i c a t i o n  by t h e  code RFPBRN, running w i t h  t h e  i n d i c a t e d  l o s s e s  by 
Bohm-type thermal  conduction. 

In Fig. 5 ,  we see t h a t  a t o r o i d a l  c u r r e n t  of 2MA is s u f f i c i e n t  t o  ensu re  
t h a t  most of t h e  a lpha  p a r t i c l e s  remain w i t h i n  t h e  RFP conf igu ra t ion .  This 
r e s u l t  was obta ined  by c a l c u l a t i n g  t h e i r  o r b i t s  i n  Besse l  f u n c t i o n  f i e l d s .  It 
depends only on t h e  t o r o i d a l  c u r r e n t ,  no t  on machine size. 
C. Temperature R i s e  

In 
Fig. 6 w e  have p l o t t e d  t h e  s o l u t i o n s  of Eq. (61, T(T),  w i th  no a l p h a  p a r t i c l e  
d e p o s i t i o n  and T E  independent  of T, f o r  s i m p l i c i t y .  The s o l u t i o n s  are 
p r a c t i c a l l y  independent of the two a v a i l a b l e  parameters  ( T / T  ) and (TI/Tf) .  
The time (3 /32 )Bof~ , , f  prov ides  a good practical  estimate of bb t e t me t o  reach  a 
s u b i g n i t i o n  s t a t e  of power balance.  Thus, a power ba lance  a t  = lo%, T = 2 
keV, i n  a machine wi th  a = 50 cmwould be reached i n  about  0.5 seconds.  

The above s i t u a t i o n  does not  change apprec iab ly  when f E  depends on 
temperature ,  f o r  example TE a T-1 o r  T-2, and when a l p h a  p a r t i c l e  d e p o s i t i o n  is 
included.  Thus, i f  one has some estimate of a r e p r e s e n t a t i v e  loss r a t i o  ( r b / T E )  
t h e n  t h e  above f o r n u l a t i o n  even provides  a quick estimate of t h e  t i m e  needed t o  
r each  i g n i t i o n .  

t h e  

and modest f i e l d  s t r e n g t h  (Bo - 30 kgauss)  f o r  n = 1014 cm-3. 

It is of i n t e r e s t  t o  fo l low t h e  temperature  r l s e _ d u r i n g  ohmic hea t ing .  



VII. SUMMARY 
A Pease-current r e l a t i o n  c h a r a c t e r i z e s  a cond i t ion  of g l o b a l  power balance 

i n  t h e  RFP,  even though t h e  pe rpend icu la r  r e s i s t i v i t y  may no t  be classical ,  and 
t h e  RFP p r o f i l e  is no t  a t r u e  s teady  state.  'Ihe (I/N) i g n i t i o n  c r i t e r i o n  has  
been c l a r i f i e d  and used t o  check our  l - D  t r anepor t -hea t ing  code, RFPBRN. An 
u n i g n i t e d  power balance s t a t e  of over  5 keV h a s  been shown t o  ex is t  i n  a lossy  
RFP (?b/?  = 100) of modest s i z e ,  c u r r e n t ,  and f i e l d  s t r e n g t h  wi th  accep tab le  
va lues  . o f  &eta and dens i ty .  F i n a l l y ,  a quas i -un ive r sa l  d e s c r i p t i o n  of t h e  
tempera ture  rise has  been exhib i ted .  

H I , ,  I , ,  , , , , , , l 
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FIGURE CAPTIONS 

1-a. 

1-b. 

2. 

3. 

4. 

5. 

6. 

Schematic p l o t  of E q .  (4). Sol id  curve i o  r i g h t  r i d e ,  darhrd  curve i o  
l e f t  ride, i n t e r r e c t i o n r  repreren t  r o l u t i o n r  of Eq. 

Schematic p l o t  of Eq. (6). 

S o l i d  h i l l  curves  repreren t  a c t u a l  r i g h t  a i d e  of Eg. Right v e r t i c a l  
axfr r c p r e r e n t r  l e f t  r i d e  of Eq. (41, r c r c r l e d  t o  rhas I / N  d i r e c t l y .  
Horizontal  curver  r h w  progrer r ion  of I / N  va luer  dur ing  var iour  code NW. 

h a l y t i c  represcnta t fonr  of p o r r i b l e  parer balance point. f o r  l i v e n  T and 
rb/TE. Sol id  curver  r h w  rfnor r a d i u r  vo. c e n t r a l  d e w i t y .  Khrhed 
curver  r h a r  c e n t r a l  f i e l d  VI. 

Same f o r a r t  a0 Fig. 2. h r b e d  curve i o  ( I / N )  a0 A func t ion  of T ouch 
t h a t  t o r o i d a l  c u r r e n t  d r i f t  v e l o c i t y  equal. ion t b e r r r l  ve loc i ty .  curve  
labelled "Bohm" r e p r e s e n t s  r i g h t  aide of Eq. (4) when i r  r a l a t a d  t o  
B o b l i k e  thermal  conduction as piven by RFPBRN parameter I<. 

Toroida l  c u r r e n t  (HA) neccrrary t o  t r a p  a f r a c t i o n  ( x )  of a lpha  p a r t i c l e 0  
born i n  a Berrcl func t ion  RFP conf igura t ion .  

Solut ion#,  T( t ) ,  of E q .  (6)  n e g l e c t i n g  a lpha  depor i t ion ,  v i t h  
T - coni t . ,  f o r  &vera1 va luer  of t h e  f i n a l  l o o r - t i n  ratio,  r b l t p  an6 tk i n i t i a l - t c r f  i-1 t q e r a t u r e  r a t i o ,  Ti/Tf. 

(4). 

(4). 

c e n t r a l  denr i ty .  

LI 
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One Dimensional Burn Computations for  RFPR* 

R .  A.  Nebel and G. ti. Miley 
Fusion Studies Laboratory 
University of I11 inois 

R. W .  Moses and R .  L .  Hagenson 
Los Alamos Scientific Laboratory 

I .  Introduction 
1 Previous studies of the Reversed Field Pinch Reactor ( R F P R )  have been 

done w i t h  a zero-dimensional or "point-properties" formulation which 

averages a l l  plasma profiles over the radius. 

examination of the RFPR performance and explore other phenomena, a more 

real i s t i c  one-dimensional (radial ) plasma model ( R F P B R N )  has been developed 

and appl ied to RFPR. 

In  order t o  allow a closer 

2 

The earlier global model assumes f l a t  temperature prof i les ,  classical  

par t ic le  confinement, and magnetic f ie ld  profiles determined through a 

pressure balance model alone. I n  contrast ,  the one-dimensional model 

determines the temperature and f ie ld  profiles self-consistently and  allows 

for ins tab i l i ty  ifiduced transport as well. I t  also checks the plasma 

profiles' local and global s t ab i l i t y  characterist ics.  A major objective of 

this study was to determine how these additional physical effects  would 

influence the RFPR design. Also, th i s  new code allowed a more detailed 

optimization of the RFPR. Both aspects of the study are discussed here. 

11. The Model 

RFPBRN i s  a three f luid (ions,  electrons, and  alphas) one-dimensional 

Lagrangian mesh transport and s t ab i l i t y  code. A quasi-static assumption i s  

used so the plasma evolution can be followed on a res i s t ive  time scale.  

Linear ideal MHD s t ab i l i t y  i s  then periodically monitored as the profiles 

evolve i n  time. 
*Supported by DOE Contracts DE-AS02-76ET52040 and W-7405-ENG-36 
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The s o l u t i o n  i s  found by i n t e g r a t i n g  t h e  temperature, dens i ty ,  and 

f i e l d  p r o f i l e s  forward i n  t ime and then a d i a b a t i c a l l y  r e a d j u s t i n g  the  

mesh t o  s a t i s f y  pressure balance. A v a r i a b l e  t ime s tep  p red ic to r - co r rec to r  

numeric technique i s  used t o  so lve  t h e  d i f f u s i o n  sec t ion .  

imp1 i c i  tness f o r  t h e  numerics i s  c o n t r o l  l e d  e x t e r n a l l y .  

The degree o f  

3 Transport  c o e f f i c i e n t s  a re  assumed t o  sca le  c l a s s i c a l l y  except f o r  

thermal conduct ion which, based on a review o f  data from Zeta experiments, 

i s  taken t o  be - 1/200th Bohm. The perpendicu lar  r e s i s t i v i t y  a l s o  assuriies 

Bohm-like s c a l i n g  i n  reg ions where Suydam's s t a b i l i t y  c r i t e r i o n 4  i s  v i o l a t e d  

The modeling i n  these reg ions i s  t h a t  o f  Chr is t iansen and Roberts . 
Local 

5 

MHD s t a b i l i t y  i s  monitored f o r  both g loba l  and l o c a l  modes. 

s t a b i l i t y  i s  monitored us ing  Suydam's c r i t e r i o n  w h i l e  gross modes a re  

checked us ing  Newcomb's form o f  t h e  i d e a l  MHD energy p r i n c i p l e  . The 

energy p r i n c i p l e  i s  minimized d i r e c t l y  by us ing  a Rayle igh-Ri tz  t r i a l  

f u n c t i o n  expansion w i t h  a r b i t r a r y  c o e f f i c i e n t s .  

advantage t h a t  i s  shows whether t h e  plasma i s  unstable t o  modes w i t h  wide 

(non- loca l i zed)  e igenfunc t ions  as w e l l  as determin ing the  plasma's 

absolute s t a b i l i t y  c h a r a c t e r i s t i c s .  

111. Resul ts  

5 

The technique has the  

A .  Zero-Dimensional and One-Dimensional Comparison 

I n  o rder  t o  match the  g loba l  model as c lose  as poss ib le ,  the  plasma 

edge was requ i red  t o  be the reversa l  p o i n t  and t h e  rad ius  va r ied  as: 

r P ( t )  = rp ( t = o ) / J i v  (1 1 
I n i t i a l  cond i t i ons  f o r  temperature, dens i t y  and f i e l d  p r o f i l e s  were a l s o  

taken cons is ten t  w i t h  t h e  g loba l  model's pressure balance assumptions . 6 

Resul ts  genera l l y  showed s i m i l a r  t rends, 

being t h a t  the  1-D code i g n i t e d  faster,  burned 

the  p r i n c i p l e  d i f f e r e n c e  

o u t  qu icker ,  and had lower  



f r a c t i o n a l  burnup (see Fig.  1) .  A l l  o f  these features can be a t t r i b u t e d  

t o  p r o f i l e  e f f e c t s .  

t h e  energy g a i n  f a c t o r  Q t o  about 3/5's o f  t h a t  p red ic ted  by the 0-0 code. 

While t h i s  i s  a s i g n i f i c a n t  d i f f e rence ,  the agreement s s t i l l  considered 

"good" i n  view o f  the many d i f f e rences  between the two codes 

The lower burnup r e s u l t e d  i n  an o v e r a l l  r educ t i on  i n  

P 

(See Table I ) .  

I n c l u s i o n  o f  Suydam induced t u r b u l e n t  t r a n s p o r t  f at tened the dens i t y  

p r o f i l e s  b u t  had l i t t l e  e f f e c t  on plasma performance. The reason t h i s  

e f f e c t  was small  i s  t h a t  the s t a b l e  ou te r  reg ion  provided confinement 

w h i l e  the Suydam induced energy t r a n s p o r t  was a l ready dominated by the 

assumed Bohm-like thermal c o n d u c t i v i t y  (See Table 11). 

B. Optimized Burn 

I n  view o f  t he  reduced energy ga in  p red ic ted  by the l - D  model, a 

dec i s ion  was made t o  use i t  t o  opt imize Q 

increase the power l e v e l  near the g lobal  s i i i iu la t ion parameters. The 

t o r o i d a l  and p o l o i d a l  f i e l d s  were then reduced t o  the ri iarginal amount 

requ i red  t o  i g n i t e  the plasma. Po lo ida l  B and g loba l  s t a b i l i t y  were 

checked t o  see i f  the  plasma maintained s t a b i l i t y  (which i t  d i d ) .  

The dens i t y  was r a i s e d  t o  
P '  

The r e s u l t s  o f  t h e  o p t i m i z a t i o n  are shown i n  Table I where i t  i s  seen 

P t h a t  Q was increased by a fac to r  o f  two. 

was doubled i s  t h a t  t he  r a d i a l l y  va ry ing  temperature p r o f i l e  a l l ows  i g n i t i o n  

on the magnetic a x i s  which then propagates r a d i a l l y  through the plasma. 

This a l l ows  the  c u r r e n t  (magnetic f i e l d  energy) requ i red  f o r  i g n i t i o n  t o  

be lower which i n  t u r n  r a i s e s  Q 

Summary 

The p r i n c i p l e  reason t h a t  Q P 

P '  

Studies o f  the RFPR have been done us ing  a one-dimensional t h ree  f l u i d  

t r a n s p o r t  and s t a b i l i t y  code. Resul ts have v e r i f i e d  t rends p red ic ted  by 
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previous g loba l  s tud ies.  However, i n c l u s i o n  o f  p r o f i l e  ef fects,  p r i n c i -  

p a l l y  c e n t e r l i n e  i gn i t i on ,has  enabled the  RFPR design t o  be opt imized t o  

o b t a i n  Q ' s  as h igh  as 20. Assuming c l a s s i c a l  p a r a l l e l  r e s i s t i v i t y ,  g loba l  

MHD s t a b i l i t y  can be maintained throughout the  e n t i r e  burn. 
P 
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The Compact Reversed F i e l d  Pinch (CRFP) Reactor Concept 

George H. Mi ley  and Richard A. Nebel 
Fusion Studies Laboratory 

U n i v e r s i t y  o f  I l l i n o i s  

I n t r o d u c t i o n  

A c r i t i c i s m  o f  f us ion  reac to r  concepts s tud ied t o  date has been t h a t  

they  are t y p i c a l l y  l a r g e  and complex, making maintenance d i f f i c u l t ,  

i n t e g r a t i o n  i n t o  smal ler  e l e c t r i c a l  networks imprac t ica l ,  and posing 

f i n a n c i a l  problems due t o  t h e  l a r g e  c a p i t a l  costs  involved. I n  response t o  

t h i s  c r i t i c i s m ,  a new c lass  o f  concepts, termed, - compact - t o r i ,  evolved1. 

These concepts are c u r r e n t l y  viewed as i n c l u d i n g  F i e l d  Reversed M i r ro rs ,  

F i e l d  Reversed Theta Pinches, and Spheromaks. They a l l  share, t o  a vary ing 

extent ,  t h e  comnon fea tures  o f  h igh-B created by confinement f i e l d s  t h a t  are 

most ly  created by i n t e r n a l  plasma currents .  These c h a r a c t e r i s t i c s  lead t o  

smal ler ,  more compact reac to r  concepts t h a t  answer the  c r i t i c i s m s  noted 

above. 

t h a t  i s  s i m i l a r  i n  many respects t o  t h e  CT, it i s  a na tura l  candidate f o r  a 

" compact " system. 

P r i o r  RFP Conceptual Reactor C h a r a c t e r i s t i c s  

Since t h e  Reversed F i e l d  Pinch (RFP) has a magnetic con f igu ra t i on  

RFP conceptual reac to r  s tud ies have been c a r r i e d  out a t  both Culham 

Laboratory  ahd the  Los Alamos S c i e n t i f i c  

devices have t y p i c a l l y  had a major rad ius  o f  - 12-15 m and a minor rad ius  o f  

- 1.5-1.75m. Thermal power l e v e l s  are o f  t h e  order o f  2000-3000 MW. As 

such, these reac tors  are n e i t h e r  compact o r  small. This does not i n f e r  t h a t  

they  may not u l t i m a t e l y  be a t t r a c t i v e ,  however. Indeed, t h e  RFP has a ser ies  

These reac to r  
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of no tab le  features t h a t  have been c i t e d  as important advantages. Thus, t h e  

a b i l i t y  t o  heat t o  i g n i t i o n  w i t h  ohmic heat ing  alone provides both a cost  

savings and simp1 i c i t y  compared t o  approaches r e q u i r i n g  a u x i l i a r y  heat ing  v i a  

n e u t r a l  beams o r  RF. The r e l a t i v e l y  h igh  6 provides a good power dens i t y  and 

t h e  p o s s i b i l i t y  of even tua l l y  extending t h e  concept t o  advanced f u e l s  l i k e  

catalyzed-deuterium. The lack  o f  an aspect r a t i o  cons t ra in t  a l lows t h e  l a r g e  

aspect r a t i o  design which, by v i r t u e  o f  t h e  open c e n t r a l  region, lends i t s e l f  

t o  ease of maintenance and modular const ruct ion.  

I n  summary, w h i l e  the  "convent ional  I' RFP reac to r  has many a t t r a c t i v e  

features,  p r i o r  s tud ies resu l ted  i n  l a r g e  p lan ts  i n  terms o f  power l e v e l .  

The quest ion prompting t h e  present study then was: can a "smal l "  reac tor  i n  

t h e  100 MWe range be designed us ing t h e  RFP concept? Such a reac tor ,  labe led  

a Compact RFP (CRFP), would prov ide a f l e x i b i l i t y  i n  reac to r  s i z e  t h a t  may be 

essen t ia l  f o r  exp lo ra t i on  o f  f us ion  power, and prov ide a rou te  t o  a lower 

c a p i t a l  cost  reac to r  s u i t a b l e  f o r  a near term demonstration p lan t .  

CRFP Studies 

Sca l i ng  down t h e  dimensions o f  t h e  l a r g e  RFP designs by roughly  a f a c t o r  

o f  two provides a plasma volume compat ib le wi th the  goal o f  a 100 MWe output.  

I n  order  t o  examine t h e  t ranspor t  and s t a b i l i t y  p roper t i es  o f  an RFP burn i n  

a plasma o f  t h i s  size, we employed t h e  1 -D  dynamic burn code developed 

e a r l i e r  f o r  RFP s tud ies  and descr ibed elsewhere6. 

g lobal  and l o c a l  s t a b i l i t y  checks. V i o l a t i o n  o f  the  former r e s u l t s  i n  burn 

te rm ina t ion  wh i l e  l o c a l  v i o l a t i o n s  are assumed t o  r e s u l t  i n  a t u rbu len t  

t ransppr t .  

convent ional  manner. 

1 along w i t h  comparison parameters f o r  t h e  LASL RFPR reference design. 

Th is  code inc ludes both 

Con t inu i t y  balances and alpha heat ing  are t rea ted  i n  a 

Resul ts  f rom these c a l c u l a t i o n s  are presented i n  Table 

It i s  
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observed t h a t ,  w h i l e  t h e  volume o f  t h e  CRFP i s  decreased by a f a c t o r  o f  8 

compared t o  t h e  RFPR, i t s  net e l e c t r i c a l  output i s  on ly  reduced by a f a c t o r  

o f  7.5. 

a l though i t s  Qp-value has dropped from 14.4 t o  below 10, i n d i c a t i n g  an 

undesi rab le increase i n  r e c i r c u l a t i n g  energy. The output power o f  100 MWe i s  

near t h e  goal, but  a f u r t h e r  decrease i n  s i z e  causes a f u r t h e r  r a p i d  decrease 

i n  Q, due t o  r a d i a l  energy losses v i a  thermal conduction. 

design, an energy t r a n s p o r t  TE - 200 TBohm was employed i n  t h i s  

study.) Indeed, t o  avoid excessive losses i n  the  CRFP shown, it was 

necessary t o  increase magnetic f i e l d  s t rength by a f a c t o r  o f  1.9 i n  order t o  

increase t h e  dens i t y  as shown i n  Table 1. 

1 i m i t  o f  p o t e n t i a l l y  a v a i l a b l e  magnetic technology so f u r t h e r  improvements 

were not attempted. 

Consequently, t h e  CRFP enjoys a s l i g h t  advantage i n  power dens i t y  

(As i n  t he  LASL 

This was thought t o  be a t  t he  

Table 1. Sumnary Description o f  Design Parameters 

PARAMETER 

First-Wal l  Radius, r,(m) 

Wajor Radius, R(ni) 

Burn Time, ~ ~ ( s . 1  

Cycle Time, i C ( s )  

Average Fuel Burnup, fg 

Average Plasma Density, n(l/mJ) 

CRFP 

1 . 5  - 7 5  

12.7 6.35 

21.6 10.3 

26.6 15.3 

- RFPR - 

0.5 .23 

2.0(10)20 3.8(10)20 

2.4 2 14.1-I4eV Neutron Current a t  F i r s t  Wall,  (ElW/m ) 2.7 

Total Thermal Power, PTH(HWt) 3000 626 

Net E l e c t r i c a l  Power, PE(MWe) 750 100 

Qp 8 (fusion energy) / (ohic  & f i e l d  energy) 14.4 9.7 
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The CRFP burn was sho r te r  as i n d i c a t e d  by t h e  reduced burn up f r a c t i o n  

compared t o  the  RFPR. Gross MHD s t a b i l i t y  was maintained throughout the 

burn, but  Suydam's c r i t e r i o n  was v i o l a t e d  on c e n t e r l i n e  leading t o  a 

t u r b u l e n t  core reg ion  t h a t  r e s u l t e d  i n  enhanced t ranspor t .  

i n  t h e  RFPR6, t h e  turbulence d i d  not r e s u l t  i n  a major d e t e r i o r a t i o n  i n  the 

energy balance s ince the  ou te r  rad ius  zone remained quiescent. 

However, as found 

A f e e l  i n g  f o r  t he  r e l a t i v e  s i z e  o f  t he  CRFP can be gained from Fig. 1. 

ve 

I t s  r e l a t i v e  l o c a t i o n  between t h e  RFPR 

suggestion t h a t  a smal ler  device o f  t h  

as an ear ly demonstrat ion device. 

and Zeta re in fo rces  the e a r l i e r  

s type would be p o t e n t i a l l y  a t t r a c t  

FSL - 80  -14! 
1 I I I 1 I 1 I I I 1 I I I 

6"" 

6-ZT-40 
6'"'a 

R F P R 7  

I I I I I I I I I I I I 

0 2 4 6 8 IO 12 14 
Major iiadius (m) 

Figure 1. R e l a t i v e  Sizes o f  RFP Experiments and Reactors. 

Probl  ems and Possib le  Improvements 

Due t o  i t s  c a p i t a l  i n t e n s i v e  character t o  be compe t i t i ve  economically, 

any f u s i o n  r e a c t o r  i n  t h e  100 MWe range must, o f  necessi ty,  o f f e r  h igh  
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performance and modular cons t ruc t i on  (p rov id ing  ease o f  maintenance and mass 

produc t ion  o f  key components). 

cons idera t ions  employed i n  t h e  RFPR can lead t o  s a t i s f a c t i o n  o f  t he  l a t t e r  

requirements. 

power requirement suggests an undesi rab le expense. 

I t appears t h a t  t he  same design 

On t h e  o ther  hand, the  low Qp and associated r e c i r c u l a t i o n  

Previous work7 has i nd i ca ted  t h a t  s i g n i f i c a n t  improvements i n  plasma 

performance can be obtained by r e f u e l i n g  t h e  plasma. 

c u r r e n t l y  be ing pursued f o r  t he  compact RFP t o  t r y  t o  improve Qp. 

and gas p u f f i n g  are both being considered. 
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IGNITION AND BURN IN RFP REACTORS 

P G Carolan 

(Ewratom/UKAEA F u i o n  Adbociation) 
UKAEA, Culham Laboratory, Abingdon, Oxon OX14 3DB, UK 

INTRODUCTION 

The purpose of this note is to highlight some of the problems associated 

A particular RFP reactor with achieving ignition and burn in an RFP reactor. 
scenario, which has been considered in depth elsewhere, [I 1 was used to exemplify 
practical consequences arising from steady state and time dependent (zero d' Imen- 

sional) studies. Various energy losses and confinement time scaling are consid- 

ered and the advantage of using additional heating in reducing the period from 

ignition t o  burn is outlined, 

PLASMA MODEL 
In the time dependent calculations the circuit effects are ignored, e.g.the 

temporal behaviour of the plasma current is predetermined to follow a simple sine 

function until the peak is reached and thereafter it is maintained constant. The 

. t / 4  time is typically 1 second. 
Although spatially averaged quantities are used throughout, some account is 

taken of distributions of density, temperature and current during the ohmic 

heating phase by utilising correction factors derived from experimental results 

(principally ZETA) and from RFP plasma models. The equipartition time between 

the plasma species (ions, electrons, alpha particles) is considered to be much 

shorter than heating and loss times such that Ti = Te = T a r .  
d/dt(3NkT), is obtained by subtracting the loss terms from the joule + alpha + 
additional heating terms. 

The net heatingrate, 

The plasma resistance, R, is obtained from R = F(e)2Rmajn,, a-* where the 

form factor, F ( 0 )  takes account of the plasma compression and the plasmapoloidal 

current. If we restrict the BWall 8 1.5 we can use the Bessel function model to 
give F(0)  = 0 / J ,  (20) .  

It is assumedthat there is always an equal mixture of deuterium and tritium 
and no account is taken of fuel burn-up or 'ash'. 

that the alpha particles are immediately thermalised. E 2 J  
The assumption is also made 

[31 We use 
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exp (-199.4T-Ii3) for the D-T cross section. While -1 6T-2/3 <uv> = 3.68 x 10 
peaked temperature and density profiles may facilitate a rapid transition fron 

ignition to burn, this is clearly outside the scope of a global model code; 

therefore, in the present analysis, a uniform alpha particle heating is assumed. 

Since an RFP reactor will probably rely totally on ohmic heating to reach 

ignition it is important to allow for rapid heating to reduce the volt seconds 

and the poloidal field coil current requirements. 

lent convection and conduction require that high temperatures are reached rapidly. 

'Ehese benefit by operating at the lowest. density possible. It is conjectured that 

streaming related micro-instabilities will fix the lower limit of density. 

define the electron drift parameter, E,, given by (on axis): 

Impurity radiation and turbu- 

We 

where C = n /n and C = T 1 1  
n no e T eo iTe 

The ratios Cn and CT will change as the plasma evolves but due to the lack of 

data, and to simplify the analysis, the product C C was 

consistent with ZETA scattering results. 
n T  

Impurities, especially medium (e.g. iron) t o  high 2 

present radiation barriers which will prevent ignition. 

sidered to be in coronal equilibrium to give a radiation 

fixed at 4/3, which is 

(e. g . molybdenum) can 
The impurities are con- 

loss (per unit length) 

of: 

where fI is the fractional abundance of impurity. When this, loss is balanced 

against ohmic heating we obtain a steady state temperature, T = T(fI,I +/Ne), 

where I1 = [F(6) Rn A/10] I@, in the plots shown in Fig 1 for various concen- 
trations of iron and molybdenum. For I = 20MA and Ne = 2 x IO2'm'' concentrations 4 
of Fe and Mo in excess of 0.01% and 0.001% respectively, will prevent ignition. 

1 

1 
Q, 

RE SULT S 

In line with the Hancox et a1 RFP reactor study we have considered brems- 

strahlung (z = 1 )  only (cyclotron emission accounts for at most a few percent of 

bremsstrahlung) in the time dependent calculations. If we take a fixed density 

of 2 x 1020m-3 and neglect all other losses we can easily calculate the temper- 
ature evolution and examine the level of ohmic heating required to minimise the 
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time between ignition and burn. 

times ohmic (at F ( 0 )  = 4) is shown. (Increasing 0 and allowing peaking of den- 

sity, 
time and, consequently, burn conditions may be reached in less than 5s.) 

2 

In Fig 2 a range of heating levels up to four 

which enhances alpha particle heating, will reduce the energy replacement 

When an energy confinement time that is derived empirically from tokamaks 

of the form, t, = a,na (Alcator scaling) is used we obtain the requirement for 
n -21 = ignition, anEiuz 1.56 x 1015T5’6 exp (9.77T-”3) , where E = aE/3.8 x 10 - 

I 

factor by which tokamak scaling is exceeded. The critical value of ant' as a 

function of temperature is shown in Fig 3 .  So, for example, to obtain ignition 

at 4keV with a = 1.75m. and n = 2 x 1020m-3 and where the ohmic heating equals 
the radiation losses, a value of E in excess of 5.7 is required, or, n‘rE 
2.7 x 10 m s. 21 -3 

Even if ignition is achieved by ohmic heating alone, the time taken to reach 

burn conditions must be considered in the reactor economics. We have calculated 

the length of time involved in going from an initial temperature, Ti, to theburn 

temperature, here considered to be I5keV for single loss scalings. In Fig 4the 

normalised ignition to burn time, nt, is plotted against Ti for various brems- 

strahlung levels ci.e. Z = 1 - 3). For example, at Ti = SkeV, 2 = I ,  we require 
20 -3 nt = 12.5 x 10 m s before burn occurs (alpha particle heating only). This time 

would be almost halved by increasing Ti to 6keV by additional heating. 

an€ Ignition will occur at 4.5keV if y 

a at - 22 x 10 m s ,  time will elapse before burn conditions prevail. 

Similar plots are shown in Fig 5 for various values of the parameter, y = 
7.3 x IO2’, but even for y = 8 x  10 1 20 

20 -3 

Examples of temperature evolution of the Culham/Padua RFP reactor are shown 

in Fig 6 for various additional power levels in excess of that obtained by using 
F ( 0 )  = 4 and assuming a flat density and temperature profile, 
losses (Z = 1 )  and an energy confinement time of 10 times Alcator scaling is 

20 -3 used. It was necessary to increase T to I5keV and reduce n to 1.4 x 10 m 

(from lOkeV and 2 x 10 m 

in the Culham/Padua reactor. 
is required to permit burning in less than 5 seconds. 

Bremsstrahlung 

20 -3 ) to obtain identical wall loading and B, values as 

Additional power of about 2MW/m lasting 2 seconds 

Alternatively, it may be possible to burn more easily in smaller minor 
radius devices. For example, an RFP reactor with a = 0.6m, I = ~ O M A ,  n = 

7.5 X 10 m 

.power and using Alcator scaling, as shown in Fig 7.  

20 -3 4 
, burn obtains in less than 5 seconds without appealing t o  additional 

The maximum $ value and 6 
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2 wall loading during burn were 27X and 38MW/m 
ature of 20keV. 

impurity levels of the Culham/Padua reactor are acceptable. 

respectively at a burn temper- 

Because of the higher I/N ratio, more than double the 

TE (KeV) 

I I I 

5 10 15 
Fig 2 t Q 

Fig .3  
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Fig 4 fb (keV) 
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Plasma Power Balance of a Pu l sed  RFP Reac tor  

J .P.Chris t iansci i  and K.V.Robcrts 

I .  I n t r o d u c t i o n  

This  paper  d e s c r i b e s  a p r e l i m i n a r y  s t u d y  of t h e  power ba l ance  of a r e a c t o r  
Some of t h e  c o n d i t i o n s  f o r  i g n i t i o n  by plasma w i t h  v a r i a b l e  plasma parameters .  

Ohmic h e a t i n g  and plasma s t a b i l i t y  a r e  examined. 
co r re sponds  t o  t h e  des ign  by Lawson [I] of an RFP r e a c t o r  which w i l l  be  r e f e r r e d  
t o  as t h e  PRFPR (pu l sed  RFP r e a c t o r ) .  

The r e a c t o r  c o n f i g u r a t i o n  

We have found i t  i n s t r u c t i v e  t o  s t u d y  a s i m p l i f i e d  power b a l a n c e  model. 
An e s s e n t i a l  p r a c t i c a l  s t e p  i s  t o  t rea t :  t h e  energy  containment T 
q u a n t i t y  s i i ice  i t  w i l l  depend on t h e  r e a c t o r  impur i ty  l e v e l  as w e l l  as on 
anomolous l o s s e s  which cannot be p r e d i c t e d  from p r e s e n t  RFP exper iments .  
s e c t i o n  2 we d e f i n e  t h e  energy  replacenleiit t i m e  T~ p e r  p a r t i c l e  and de te rmine  
a n a l y t i c a l l y  the  s u r f a c e  T (n,T) where n i s  d e n s i t y  and T i s  t empera tu re ,  
s u r f a c e  i s  e x h i b i t e d  by con tour s  i n  F i g u r e  1 and by an i s o m e t r i c  p r o j e c t i o n  i n  
F i g u r e  2. 
t h e  f i x e d  v a l u e  7.4Kcv. 
approach t o  thermonuclear burn c o n d i t i o n s  i r r e s p e c t i v e  of any s c a l i n g  law t h a t  
might apply  f o r  T ~ .  The s t r a t e g y  d i c t a t e s  a 5 phase c y c l e  of o p e r a t i o n  of the  
PRFPR compr is ing  s e t t i n g  up, h e a t i n g ,  gas-puf f ing ,  burn  and pump-out. 
scales f o r  t h e s e  phases  are  c a l c u l a t e d  a n a l y t i c a l l y  i n  s e c t i o n  3 and de te rmine  
t h e  minimum va1l;es of 
d e s i g n  power l e v e l  averaged over  one cyc le .  
r e s u l t s  from numer ica l  computa t ions  on t h e  transport,heating,equilibrim,gas- 
p u f f i n g  and thermonuclear burn of t h e  PRFPR cyc le .  

as an unknown E 
In 

This  R 

The s u r f a c e  TR(n ,T)  always has  a s a d d l e  p o i n t  (ns,Ts) a t  which Ts h a s  
The p o s i t i o n  (ns,Ts) e s t a b l i s h e s  a s t r a t e g y  f o r  t h e  

The t i m e -  

and t h e  g e n e r a t i n g  d e n s i t y  r e q u i r e d  t o  a c h i e v e  t h e  
S e c t i o n  4 d e s c r i b e s  b r i e f l y  t h e  

2. Energy replacement t i m e  

The plasma power b a l a n c e  i s  
a v  
a t  - C Y  + O - U - R  

where w is t h e  t o t a l  plasma energy  d e n s i t y ,  Y t h e  h e a t i n g  r a t e  by a-particles 
0 t h e  ohmic h e a t i n g  r a t e ,  U t h e  thermal  l o s s  r a t e  and R t h e  r a d i a t i o n  l o s s  rate.  
S tandard  e x p r e s s i o n s  a r e  used ,  i.e. 

2 
0 = rl.J 2 w = 3nkT, 

U = W / T ~  and R = cR n T 

Y = i n  <ov>EDT, 

2 1  

where t h e  symbols have  t h e i r  u s u a l  meaning, 
r a d i a t i o n  a r c  assumed n e g l i g i b l e .  

L ine  r a d i a t i o n  and synchro t ron  
The r e s i s t i v i t y  h a s  t h e  form 
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n = c  T-3/2 
a 

The energy  replacement t i m e  p e r  p a r t i c l e  is d e f i n e d  a s  

The e q u i l i b r i u m  va Iue  -rR cor re spond ing  t o  z e r o  n e t  power (i.e, 
g iven  by 

1 ( Y + O - R ) = -  1 1  
T W  
- E -  

T E  R 

t eady  

(3) 

ta te)  i s  

It i s  i n s t r u c t i v e  t o  s t u d y  t h e  behaviour  of rR(n ,T)  s i n c e  i t  does  n o t  c o n t a i n  
t h e  unknown parameter  T ~ .  S e t t i n g  

we g e t  

2 
A(T) = (Y-R)/3kn , B(T) = T / T ~  , C(T) = 0 /3k  

nT 2 
f 3- o r  An - B n * C = O  R AnL< (4) 

Contours i n  t h e  (n,T) p l ane  of c o n s t a n t  T~ h r  f i x e d  J can  e a s i l y  be  c a l c u l a t e d  
from t h e  s o l u t i o n s  t o  (41 

= Q ( B  1 t D  1 D = B2 - 4AC. 
"+ 9 -. 

For TcTx = 4.18 keV t h e r e  i s  o n l y  one s o l u t i o n  n_  ; f o r  T = Tx we have n - =  C/B, 
and f o r  D T  t h e r e  a r e  2 , l a  0 solut ionsfor .D>O,D=O,D<O r e s p e c t i v e l y ,  
(4) always t a s  a s a d d l e - p o i n t  (n,,Ts) a t  which 

Equat ion  

a T  a * o , * = o  o r  T n  Rn AC = 2 

The saddle-poin t  v a l u e  Ts is independent of any anomaly f a c t o r  c, i n  (2)  ; indeed 
i t  is independent of J and v a r i e s  o n l y  weakiy with t h e  atomic c h a r g e Z  and t h e  
expon n t  of T i n  (2) .  For s i m p l i c i t y  l e t  ns, J deno te  n ,J i n  u n i t s  102%r3, 
MA m-' r e s p e c t i v e l y  ; t h e  saddle-poin t  v a l u e s  a r e  t h e n  S 

Jr Jr 
Ns = 0.1622 J , Ts = 7.4 keV, TRs L1 19.65/J* 

2 The d r i f t  paraincter and a x i a l  b e t a  v a l u e s  a r e  

S(n*,TJ = 0.017 9 B,(ns,Ts) 20 &* 
The importance of t h e  sadd le -po in t  i s  e v i d e n t  from F i g u r e  2 showing con tour s  
T (n,T) i n  t h e  (n,T) p l a n e  and F i g u r e  1 showing an i s o m e t r i c  p r o j e c t i o n  of t h e  
s u r f a c e  rR(n ,T) .  To r each  t h e  r e a c t o r  burn regime by Ohmic h e a t i n g  above we 
r e q u i r e  

R 

T > T  E Rs 
i r r e s p e c t i v e  of any s c a l i n g  law of T 
T Cn,T) d e f i n e  two c u r v e s  a t  which tke plasma i s a s t a b l e  a g a i n s t  d e n s i t y  and 
temperature f l u c t u a t i o n s .  The cu rve  ( ' deno tes  ) 

The extremum-points on t h e  s u r f a c e  

R 

TCf - C , - = 0 o r  nT(T) A '  - TA' 
aT 
a'R 2 

is a marg ina l  s e l f - sus t a inmen t  curve  because  
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P "T 
'E ' lRT AnT2 + c 

is r e q u i r e d  t o  make t h e  plasma s e l f - s u s t a i n i n g  a t  t h e  d e n s i t y  nTa 
t h e  cu rve  

S i m i l a r l y  

2 c  -1 aTR = 0 o r  nn = 'si 'I = (4AC) 
an Rn - 

i n d i c a t e s  t h o s e  p o i n t s  i n  t h e  (n,T) p l ane  which are s t a b l e  a g a i n s t  d e n s i t y  f l u c -  
t u a t i o n  F i g u r e  3 shows a p l o t  of  (4) f o r  3 v a l u e s  of J t o g e t h e r  w i th  3 dashed 
l i n e s  r e p r e s e n t i n g  t h e  H u g i l l - S h e f f i e l d  s c a l i n g  law f o r  T 
dashed l i n e  showing t h e  A l c a t o r  s c a l i n g  law [3], a l l  f o r  f i n e s  cor responding  t o  
J = 7 M A m  

[2] and a d o t t e d -  
-2 

I n  o r d e r  t o  c l imb ove r  t h e  "ridge" a t  i t s  lowes t  p o i n t  ( s e e  F i g u r e  2)  we 
propose  t h e  5-phase o p e r a t i n g  c y c l e  mentioned ear l ier .  
h e a t i n g ,  p u f f i n g  and burn  phases  c h a r a c t e r i s e d  by: 

Next we look  a t  t h e  

h e a t i n g  n = no O < T < T o  

T w 'To 

T o < T < T  

The se t t i ng -up  and pump-out phases  of d u r a t i o n  T~ and T 
cons ide red ;  n e i t h e r  do we look a t  tempera ture  s t ab i1 i : : a t ion  d u r i n g  burn once 
t h e  "ridge" has  been overcome. 

1 < n < n  gas  p u f f i n g  "0 

1 

out  

1 
burn n = n  

respect ivc1.y a r e  nut 

3. H e a t i n g , p u f f i n g  and burn  

There are i n  g e n e r a l  two typ.es of s o l u t i o n s  d u r i n g  h e a t i n g  : 

'E 2 'RT 

T + ( t )  T~ ' 'RT 

Empi r i ca l  s c a l i n g  laws sugges t  t h e  f i r s t  t ype  and numerical  i n t e g r a t i o n  of (1) 
l e a d s  t o  t h e  se t  of s o l u t i o n s  

T be ing  t h e  d u r a t i o n  of t h e  h e a t i n g  phase. H 

The g a s - p u f f i n g  phase h a s  d u r a t i o n  T~ where 

Jn 
0 

r be ing  g iven  by (3) Three s o l u t i o n s  'cP-, k0, T !+ ar i se  
e so u t i o n  T 

PO corresponding  t o  
is t h e  l i m i t  B -t 0 of t e o t  er  two so u t i o n s .  

1% , T & = T ~ ~  , T? > . T ~ ~  



which bo th  r e q u i r e  T~ > T . 
t r a n s p o r t  a c r o s s  t h e  d iscf fa tge  of t h e  i n j e c t e d  co ld  g3s  which m a i n t a i n s  
approximate ly  c o n s t a n t  tempera ture .  

The d e r i v a t i o n  of (6)  assumes a uniform 

The burn  phase  h a s  t o  produce s u f f i c i e n t  power f o r  t h e  reactor o u t p u t  
averaged over one c y c l e  t o  meet t h e  d e s i g n  v a l u e  2 GW thermal .  
power d e n s i t y  is 

The ave rage  

T 

+'I t 
- 5 Y  B = S Y k  - 5 Y TR - P "  

'Is + 'N "p B + 'out 0 

Lhe P'S deno t ing  t h e  t i m e  i n t e r v a l s  of each phase  i n  one cyc le .  
'I' = 6 MW m-3 i n  t h e  c e n t r e  of t h e  PRFPR a l lowing  f o r  p r o f i l e  f e a t u r e s .  
Assuming ' 1 ~ 0  0.5 s e c ,  T 

We r e q u i r e  

= 1 s e c  and t a k i n g  t h e  h i g h e s t  v a l u e  of T~ we f i n d  
o u t  .I. 

.P 
20 -3 

where np is t h e  o p e r a t i n g  d e n s i t y  n ,  i n  u n i t s  10 m 
Def in ing  

T 0 E 

(7) 

a s  t h e  mean energy containment  t ime d u r i n g  t h e  t ime i n t e r v a l  '1 = T + ' c ~  + T i n  
which we " t r a v e r s e  t h e  pass" we see t h a t  t h e  minimum containment  time requ!?re.d 
t o  complete  one c y c l e  is 

S 

a 
T* (T], nos  n l )  =.T 

0 b i n  
Eqns (8-10) can  now be s t u d i e d  f o r  v a r i o u s  v a l u e s  of no' n l a T  , T I .  
shows ~ t ' '  
TI = 20 k% 

4. Conclusions 

r e q u i r e  T* > T 
p u t  profife-(S& ? i n k d e s i r a & l y  peaked. As f *  . 
approaches u n i t y .  
whiFh,fol low t h e  h e a t i n g ,  
e m p i r i c a l  s c a l i n g  laws of PZJ. 

F i g u r e 4  
5 and A j D T  which i s  t h e  f r a c t i o n a l  burn-up of 8 T  a g a i n s t  n1 f o r  

I n  o r d e r  t h a t  t h e  PRFPR can produce t h e  n e c e s s a r y  power ( d e s i g n  v a l u e )  ore 
For T* ,.* - 10 s e c  ( lowes t  v a l u e )  t h e  r e a c t o r  power ou t -  

approaches 100 sec. c 
These r e s u l t s  a r e  a l s o  fo!nql?n t h e  numerical  c a l c u l a t i o n s  

u f f i n g  and burn phases  and i n  which P~ follows t he  

[I 1 
[21 

[33 

J.D.Lawson, Culham Report  CLM-R177 (1977) 

J . H u g i l l , J . S h e f f i e l d ,  Nucl. Fusion 18 (1978) 15  

M.Murakami, H.P.Eubank, Phys ic s  Today May 1979. 
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Figure 1 .  The 'I (n,T) surface, R 

I 
I IO 

IO 

I 

0. I 

10 /oo [ k c q  I 

Figure 2. Contours of T (n,T) in the (n,T) plane. R 

Figure 3. Confinement time T required Figure 4. Minimum 1 powcr E' profile factor 5 ,  f rnct iollnl  
burn up A f  

ET for self-sustainment. H u g i l l - S h e f f i e l d  
and Alcator scaling laws for -rE are also 
shown. burn dens i?;. 

as functions of: 
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ALPHA-PARTICLE CONSIDERATIONS RELEVANT TO THE 
REVERSED-FIELD PINCH REACTOR (RFPR) 

Ronald Lo Miller 
U n i v e r s i t y  of C a l i f o r n i a  

Los Alamos S c i e n t i f i c  Laboratory 
Los Alamos, NM 8 7 5 4 5  USA 

ABSTRACT 

A primer on a l p h a - p a r t i c l e  fundamentals as they r e l a t e  t o  t h e  conceptual  
d e s i g n  of t h e  Reversed-Field Pinch Reactor  (KFPR) i s  presented.  A c a l l  f o r  more 
r e s e a r c h  i n  t h i s  area is made. 

I INTRODUCTION 

While n o t  a n  i s s u e  f o r  near-term phys ic s  experiments on t h e  Reversed-Field 
Pinch (RFP) magnetic f u s i o n  concept ,  t h e  behavior  of D-T fusion-product  a lpha  

p a r t i c l e s  i n  a n t i c i p a t e d  f u s i o n - t e s t - r e a c t o r  experiments o r  i n  e v e n t u a l  

commercial power r e a c t o r s  w i l l  become i n c r e a s i n g l y  important .  Conceptual 

r e a c t o r  des ign  s t u d i e s  done t o  d a t e 1  ,2  have inco rpora t ed  s i m p l e  models of 

r e l e v a n t  a l p h a - p a r t i c l e  phys i c s  and p r o j e c t  f a v o r a b l e  r e a c t o r  performance. The 

development of more d e t a i l e d  (less na ive )  r e a c t o r  s t u d i e s  w i l l  r e q u i r e  t h e  

t ime ly  i n c o r p o r a t i o n  of more s o p h i s t i c a t e d  models of a l p h a - p a r t i c l e  behavior  i n  
o r d e r  t o  s u b s t a n t i a t e  these p r o j e c t i o n s .  It i s  t h e  purpose of t h i s  paper  to 

s t i m u l a t e  in terest  i n  t h e  s tudy  of a l p h a - p a r t i c l e  i s s u e s  so t h a t ,  paced by 
con t inued  f a v o r a b l e  experimental  resul ts ,  a n  a g g r e s s i v e  RFP r e s e a r c h  and 
development program through D-T b u r i n g  experiments  t o  a demonstrat ion r e a c t o r  is 

p o s s i b l e .  This area of i n v e s t i g a t i o n  f o r  t h e  RFP i s  a f e r t i l e  one, a l though  

l a r g e l y  unexplored. A s u b s t a n t i a l  body of r e s e a r c h  on a l p h a - p a r t i c l e  i s s u e s  i n  

tokamaks3S4 cou ld  and should be adapted t o  t h e  RFP. 

The ba lance  of t h i s  paper  w i l l  p rov ide  a pr imer  on t h e  fundamentals of 
a l p h a - p a r t i c l e  behavior  i n  r e a c t o r - c l a s s  RFP s y s t e m s .  To asser t  t h a t  t h i s  

t r ea tmen t  is comprehensive w i l l  serve t o  h i g h l i g h t  t h e  claim made above t h a t  
p r e c i o u s  l i t t l e  work has  been done i n  t h i s  area t o  da t e .  Unless o the rwise  

i n d i c a t e d ,  S I  u n i t s  ( excep t  plasma t e m p e r a t u r e  T expres sed  i n  keV) w i l l  be used. 

Work performed under t h e  auspices  of t h e  US Department of Energy, O f f i c e  of 
Fusion Energy 
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11. CONFINEMENT AND I G N I T I O N  

The a v a i l a b l e  k i n e t i c  energy, Uao = 3.52 MeV/alpha (vao = 1 e 3 ( 1 0 ) 7  m / s ) ,  

i d e a l l y  p rov ides  a n  ample h e a t i n g  ~ o u r c e  t o  o f f s e t  r a d i a t i o n  and t r a n s p o r t  

l o s s e s  i n  t h e  background D-T plasma and y i e l d  an  i g n i t e d  thermonuclear burn once 

a n  i n i t i a l  Ohmic h e a t i n g  t r a n s i e n t  phase i s  completed i n  a plasma of a p p r o p r i a t e  
s i z e  and c u r r e n t  d e n s i t y .  U t i l i z a t i o n  of t h i s  h e a t i n g  source  presumes t h a t  t h e  

a l p h a  p a r t i c l e s  remain i n  t h e  plasma t o  d e p o s i t  a s u b s t a n t i a l  f r a c t i o n ,  f a ,  of 
t h e i r  b i r t h  energy. That is t o  say, t h e  a l p h a - p a r t i c l e  confinement t i m e ,  T ~ ~ ,  

m u s t  exceed t h e  t h e r m a l i z a t i o n  t i m e ,  

A D-T p l a sma  conf ined  i n  a RFP produces a l p h a  p a r t i c l e s  a t  a s p a t i a l l y  
l o c a l  rate, R, ( r eac t ions /m 3 /s), g i v e n  by 

1 
4 

R, = - ni2 cav> , 

where ni(m-3) is t h e  i o n  p a r t i c l e  d e n s i t y  (nD = nT = - 1 ni) and <av> (m 3 / s )  is  
2 

t h e  temperature-dependent, Plaxwell-averaged D-T f u s i o n  r e a c t i v i t y ,  which f o r  i o n  
t empera tu res ,  Ti, i n  t h e  range 8tTc20 keV c a n  be approximated t o  w i t h i n  10% of 
nominal va lues5  by 

. ( 2 )  24 2 €av> 1.1(10)- Ti 

For RFP d e n s i t y  and temperature  p r o f i l e s  which are peaked on-axis, t h e  bulk of 

t h e  a l p h a  p a r t i c l e s  produced w i l l  be born co r re spond ing ly  near t h e  axis. 
The 

i s  bounded by 
g y r o r a d i u s  pa(m) of a 3.52-MeV a l p h a  par t ic le  i n  a magnetic f i e l d  B(T)  

corresponding t o  a p i t c h  a n g l e  of n / 2  ( i -e . ,  no motion para l le l  t o  t h e  

magnet ic-f ie ld  l i n e s ) .  For a v a l u e 2  of B = 3.8 T one o b t a i n s  pa - 0.07 m e  

Thus, f i n i t e  o r b i t  e f f e c t s  w i l l  tend t o  l o c a l i z e  t h e  a l p h a  par t ic les  n e a r  t h e  

r a d i u s  of b i r t h ,  provided d r i E t s  are neglected.  Pending d e t a i l e d  o r b i t  
computat ions,  a l r e a d y  a v a i l a b l e  f o r  tokamaks6, s t u d i e s  t o  d a t e  have invoked 
i d e a l i z e d  point-plasma models1 ,* o r  i n  s i t u  energy d e p o s i t i o n .  

4 0  



The t h e r m a l i z a t i o n  d i s t a n c e ,  A a ( m ) ,  r e q u i r e d  t o  d e p o s i t  a l l  ( f a  = 1)  of t h e  

a v a i l a b l e  a l p h a - p a r t i c l e  energy t o  a background D-T plasma (Ti = Te = T ,  

ni = ne = n )  i s  approximately g iven  by8 

5.2(10)26 T3'2 A, = - 
nRn(l/6 2 ,  

( 4 )  

For T = 5 keV, n = 3(10)20 and Iln(l/b 2 ) c* 1 7 ;  corresponding t o  t h e  ear ly  
s t a g e s  of a r e a c t o r  burn; one o b t a i n s  A, - 1.1(10)6 m! For a system2 of major 
r a d i u s  R = 12.7 m t h i s  s t a g g e r i n g  d i s t a n c e  corresponds t o  Aa/2nR = 14,000 
c i r c u i t s  around t h e  t o r u s ,  n e g l e c t i n g  t h e  important  convolut ions of t h e  o r b i t  

i t s e l f .  It seems t h e r e  is ample oppor tun i ty  f o r  d r i f t  l o s s e s  t o  cause t h e  a lpha  
p a r t i c l e  t o  e scape  from t h e  plasma b e f o r e  d e p o s i t i n g  i t s  energy. 

For non idea l  ( f a  e 1)  a l p h a - p a r t i c l e  h e a t i n g  t h e  " i d e a l  i g n i t i o n  

temperature";  T* (To - 4.2 keV f o r  f a  = l ) ,  ob ta ined  by ba lanc ing  l o c a l l y  t h e  

a l p h a - p a r t i c l e  h e a t i n g  power d e n s i t y ,  f,P, 5 f a K a U a o ,  a g a i n s t  t h e  Bremsstrahlung 
l o s s  power d e n s i t y  PBR(W/m3) given by 

* 

scales (assuming Ti = Te = T and ni = ne = n) approximately as 

T*/T, * - f a  -2/5 

Thus, i f  a l p h a - p a r t i c l e  confinement i s  poor, t h e  i d e a l  i g n i t i o n  temperature  is 

r a i s e d  and Ohmic h e a t i n g  must be g r e a t e r  t o  ach ieve  i g n i t i o n  T* - 8 keV 
f o r  f a  = 0.2). 

(e.g., 

111- TIME HISTORY OF ALPHA PARTICLES 

The RFPR d e s i g n  p o i n t s l S 2  t o  d a t e  have assumed i d e a l  ( f a  = 1) energy 
u t i l i z a t i o n .  The t h e r m a l i z a t i o n  model used a t  LASL i n c o r p o r a t e s  a c lass ica l ,  

l o s s l e s s  Fokker-Planck t r ea tmen t .  The a l p h a - p a r t i c l e  energy spectrum is 

r e s o l v e d  ( s e e  Fig.  1) t o  compute t h e  p a r t i t i o n  of a l p h a - p a r t i c l e  k i n e t i c  energy 

among t h e  background i o n  and e l e c t r o n  popu la t ions .  The a l p h a - p a r t i c l e  energy 
2 spectrum is a l s o  used t o  compute an  e f f e c t i v e  a l p h a  p a r t i c l e  temperature ,  T u  Z - 3 

<Ua>. The t i m e  dependence of T u  i s  p l o t t e d  i n  Fig. 2 a l o n g  wi th  ehc background 
t empera tu res ,  Ti and Tee In t h e  batch-burn o p e r a t i n g  mode, t h e  a l p h a - p a r t i c l e  

d e n s i t y ,  nu b u i l d s  up u n t i l  t h e  burn i s  terminated a t  T - 20 s o  LosseslO-ll  and 
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non-c l a s s i ca l  e f f e c t s 1 2  have y e t  t o  be  considered.  Other p rocesses  i n c l u d i n g  

f i e l d - r i p p l e  t r a p p i n g  and a s h  buildup/removal also remain as unresolved i s s u e s .  
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Fig. 1. Evolution of the energy spectrum of alpha particles in an ideal 
(f = 1) RFPR burn at several times (t = 5,10,20 s)  into the burn 
puPse. 
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Fig. 2. Time histories of alpha-particle temperature, Ta, and density, na; as 

ion (electron) temperature, Ti, (Te) and ion density, ni; for w e l l  as 
the RFPR 20-s batch-burn pulse. By charge neutrality, ne 5 ni + 2na. 
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IQASUREMENTS OF VSLT-SECONDS I N  ZETA 

AND THE SETTlNG UP PHASE 

A A Newton and E P B u t t  
UKAEA, Culham Labora tory  and Halarose  Limi ted ,  Oxford 

(E~-n , t 'om/L lKAEA F c l ~ i c l i i  A6.~cc.in.t~iai~ J 

INTRODUCT IO?; --- 
The phenomenon of qu iescence  on ZETA, which i s  t h e  n a t u r a l  occur rence  of a 

In  t h i s  n o t e  we g i v s  a near  s t a b l e  RFP, has been e x t e n s i v e l y  d i s c u s s e d .  

b r i e f  account of t h e  c u r r e n t  r i s e ,  o r  s e t t i n g  up phase,  i n  which s e l f  r e v e r s a l  

occu r s  when t h e  t o r o i d a l  f l u x  i s  conserved i n  a c losed  s h e l l .  

summarisc new d a t a  on t h e  azimuthal f l u x  e n t e r i n g  t h e  l i c e r ,  A $  = IV4dt ,  a t  cox- 

d i t i o n s  where t h e  peak c u r r e n t ,  I ,  p inch  parameter ,  0 ,  (measured a t  t h e  l i n e r )  

and t h e  r i s e  t i m e ,  T ~ ,  were v a r i e d .  

Energy measurements, AW = J I V  d t ,  were r e p o r t e d  p r e v i ~ u s l y ' ~ ]  f o r  t h e s e  con- 

d i t i o n s .  Ne a l s o  d i s c u s s  t h e  main energy ba lance  terms f o r  the  s e t t i n g  u p  phase 
and t h e  s c a l i n g  of t h e s e  r e s u l t s  t o  o t h e r  d e v i c e s .  

[I 3 121 

I n  p a r t i c u l a r  we 

4 

Good quiescence  was ob ta ined  i n  a l l  c a s e s .  

0 

RESULTS 

( I )  Flux Consumption and Energy 

The v o l t a g e  a t  t h e  ZETA l i n e r  was ob ta ined  from measurements a t  the  F r i n a r y  

windings a f t e r  app ly ing  analogue c o r r e c t i o n s  f o r  leakage  induc tance ,  p r imary  

winding r e s i s t a n c e  and t u r n s  r a t i o .  

t h e  f i r s t  v o l t a g e  ze ro  (which occur s  j u s t  a f t e r  peak c u r r e n t ) .  

i n g  r i s e t i m e s  are p l o t t e d  i n  F i g  1 a t  c o n d i t i o n s  where I = 0.40 4 0.002MA, 6 = 

1.50 ? 0.05 and p These f i t  t h e  r e l a t i o a -  
s h i p ,  A$ = 2.49 1(1 + T , / T ~ ) V S ,  w i t h  good c o r r e l a t i o n  (C > 0.96) where t h e  time 

c o n s t a n t ,  T = 5.85ms (where I is i n  MA). The energy consumption has  a similar 
^ 2  c h a r a c t e r i s t i c ,  i . e .  AW = 1.49 I ( 1  + T ~ / T ~ ) M J ,  where T~ = 6.6ms. 

shows t h a t  t h e  s c a l i n g  wi th  i2 i s  v a l i d  over a t  l e a s t  a f a c t o r  of 5 .  
energy ( s e e  F i g  4 )  i n c r e a s e  roughly  l i n e a r l y  wi th  6 between 1 . 2  8 ' 0  1.8, which 

i s  t h e  range of p r i n c i p a l  i n t e r e s t  f o r  qu iescence .  .',b;.ve 8 = 1.8 measurements 

from c o i l s  w i t h i n  t h e  l i n e r  show i a r g e  f l u c t u a t i o n s  i:: t h e  plasma d isp lacement  
w i t h  3 frequency of about 2kHz. 

These waveforms have been i n t e g r a t e d  u p  t o  

Results a t  v a r y -  
A 

= 1.75mtorr D2 were kep t  c o n s t a n t .  
A 0  

V 
F i g u r e  3 

Flux and 
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( 2 )  F l u c t u a t i o n s  and Plasma R e s i s t a n c e  

T r 
(ms) 

0.8 

1 .o 
1.35 

1.9 

2.6 

Quiescence was d e f i n e d  as a r e d u c t i o n  of t h e  r.m.s. f l u c t u a t i o n s  of t h e  d I /  

d t  s i g n a l  (measured i n s i d e  t h e  l i n e r ) ,  <1>, by a f a c t o r  of 3 or more froni t h e  

v a l u e  a t  I. A [41  Reduct ions of 10 o r  more were noted a t  some c o n d i t i o n s .  

p r e v i o u s l y  r epor t ed [31  t h a t  <i>/; was independent of c u r r e n t  ( i n  d i s c h a r g e s  which 

became q u i e s c e n t )  bu t  i n  t h e  d i s c h a r g e s  measured h e r e ,  <i> a t  I was observed t o  

I t  was 

A 

R d t  I < i > r .m.s. 
8 (ma 1 A / s  x IO 

1.2 ? 0 . 2  1.0 ? 0.25 

0.75 If: 0.15 0.9 2 0.3 

0.38 5 0.2 0.56 5 0.2 

0.3 t 0.15 0.54 k 0.2 

0 . 2  t 0.1 0.42 ? 0.1 

be dependent on r ise  time and hence on v An i n c r e a s e  i n  T a l s o  produces a 6 ’  r A a  
d e c r e a s e  i n  plasma resistance a t  peak c u r r e n t  as  measured by I’(I)/I .  
measurements are  hard t o  q u a n t i f y  a c c u r a t e l y  owing t o  t h e  l a r g e  sho t  t o  s!iot 

v a r i a t i o n ,  and i n  t h e  c a s e  of r e s i s t a n c e ,  t o  t h e  d i f f i c u l t y  of  de t e rmin ing  V ( I )  

w i t h  s u f f i c i e n t  accuracy.  

t r e n d s  noted above. 

Both t h e s e  

* 

Tab le  1 sumnarises  t y p i c a l  d a t a  and c l e a r l y  shows t h e  

Tab le  1 

F l u c t u a t i o n s  and R e s i s t a n c e  a s  a Funct ion of ‘I, 

( 3 )  Energy Balance 

The energy b a l a n c e  f o r  s e t t i n g  up a p a r t i c u l a r  d i s c h a r g e  (T = 1.4ms, which 
1: 

i s  a f r e q u e n t l y  s t u d i e d  c o n d i t i o n  a t  0.4MA, 8 = 1.5) i s  shown i n  T a b l e  2 .  The 

i n c r e a s e  i n  magnet ic  energy, AWM = 1/8rrl(Be + B2 - B )dV, where B 

i n i t i a l  t o r o i d a l  f i e l d ,  i s  e s t ima ted  from waveforms and probe p l o t s  t a k e n  a t  
lower e n e r g i e s  which g i v e  a v a l u e  of Lf = 2AWM/I 

ob ta ined  from A$ e x t r a p o l a t e d  t o  T = 0.  

2 2 i s  t h e  4 $0 $0 

* 2  i n  good agreement w i t h  t n s t  

r 
An i n t e g r a t i n g  carbon p i l e  bolometer was used t o  measure t h e  t o t a l  r a d i a t e d  

energy ( t h i s  i s  a l s o  s e n s i t i v e  t o  excaping n e u t r a l  p a r t i c l e s )  givir?g si! l l ~ ~ ~ ~ r  - 1 . 1  - .  
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limit to this loss. From time resolved measurements we expect only 50% of this 

energy t o  be radiated during the setting up phase. 

that this loss  is relatively small, 
c Wx < 0.09MJ in the setting up phase, 

ticle losses, due to recycling processes and a net loss of the filling gas by 

the time of peak current. 

From Fig 2 it will be seen 

Table 2 shows a residual loss, Wx, of 0.06 

This can only be due to thermal a2d par-  

Table 2 
Energy Account for Setting up an RFP at T, = 1.4ms 

Term 

AWL I circuit input, 

Increase in magnetic energy, 
0 

AwM 

Ionisation/disassociation 

Radiation - upper limit 
Plasma thermal energy at I 

A 

Other losses, Wx 

Energy (YJ) 

0.3 

0.2 
0.1 

0.002 
0.03 

0.007 

6 0.039 

0.06 to 0.09 

- 
- 

1 

Source 

measured 

mcasured -I 
est inia t ed 

measured 

me a sur e d 

I 
difference I 

Applying these results to varying rise time experiments it is found that 

W 

loss as Wx/Tr we find that this quantity decreases by a factor of about 2.5 

between, the shortest and th,e longest rise times and the fluctuation level, <i>, 
falls by a similar amount. 

loss and the fluctuation level. 

Q, 0.07MJ at ‘cy = 0.8ms and 0.095MJ at rr = 2.6ms. Taking the average power 
X 

This suggests a close relationship between the power 

( 4 )  Magnetic Field Evolution 

At 8 % 1.3 the toroidal field is reversed so that a clearly non-paramagnetic, 

non-classical process has occurred. 

penetration of the azimuthal field. 15] 
This is acc0mpanie.d by an anomalously rapid 

For the example given in Table 3 this 
C L n  

energy, W 

[61 i.e. 0.34MJ, rigid conductor would be accompanied by the dissipation of % 2WB9 

= iLgIL, is about 0.17MJ. Full penetration of this field into a B8 

which is much greater than the observed value of Wx Q, O.1M.J. 

(5) Scaling 

Since for a given 0 the field configurations are observed to be similar, 

the flux and energy changes due to the magnetic fields scale only with the plasma 
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A * 2  
l e n g t h  and c u r r e n t ,  i . e .  A$/IR = c o n s t a n t  and WM/I R = c o n s t a n t ,  where R i s  t h e  

major r a d i u s  ( n o t e  t h a t  ZETA was a r a c e t r a c k  wi th  an e f f e c t i v e  major r a d i u s  of 

1.88m). 
dependent c o n t r i b u t i o n s  b u t  s i n c e  t h e s e  appear t o  be of r e s i s t i v e  o r i g i n  one may 

assume t h a t ,  T T a a R . Non-classical  models suggest  t h a t  t h e  mean plasma 

r e s i s t a n c e ,  R = I n ,  where n = -; t o  - 1 .  Although t h e  measured plasma r e s i s t a n c e  

shows a c l a s s i c a l  s c a l i n g  w i t h  c u r r e n t  d u r i n g  quiescence[31 t h e  v a l u e  a t  peclk 

c u r r e n t  s c a l e s  l ess  f avourab ly  s o  t h a t  c l a s s i c a l  s c a l i n g  ( n  = -3)  i s  c l e a r l y  not 

a p p l i c a b l e  t o  t h e  s e t t i n g  up phase of ZETA. 

There i s  i n s u f f i c i e n t  experimental  d a t a  t o  de t e rmine  t h e  r i s e  t i ne  

2- 
- V' ,w P 

P 

CONCLUSIONS 

I t  h a s  long been known t h a t  i n  ZETA B r eve r sed  a t  t h e  l i n e r ,  B p e n e t r a t e d  9 A  e 
t h e  plasma r a p i d l y  and t h e  plasma energy a t  I was a small f r a c t i o n  of bo th  t h e  

t o t a l  magnet ic  energy and t h e  energy d i s s i p a t e d .  Here w e  have shotni t h a t  cI.uri2g 

t h e  s e t t i n g  up phase: 
- t h e  change i n  b o t h  t h e  i n p u t  energy and t h e  i n p u t  p o l o i d a l  f l u x  i n c r e a s e d  

w i t h  r i s e  t i m e ;  

- bo th  t h e  plasma r e s i s t a n c e  and t h e  f l u c t u a t i o n s  a t  peak c u r r e n t  dec reased  
w i t h  r ise  time. 

These o b s e r v a t i o n s  i n d i c a t e  t h a t  non-laminar and n o n - c l a s s i c a l  p r o c e s s e s  occur  

i n  t h e  s e t t i n g  up s t a g e .  

These r e s u l t s  a l s o  i n d i c a t e  t h e  need t o  i d e n t i f y  more e f f i c i e n t  ways or' 

s e t t i n g  up t h e  RFP. 
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Centro d i  Studio sui Cas Ioiiizzati 
Consiglio Nozionale de l le  Ricerche - Universiti d i  Pcldova 
Associazione Euratom - CNR, Padova, I ta ly  

ABSTRACT 

The ef fec t  of varying the f i e ld  programming t o  produce a range o f  d , is 
studied, one case being spheromak-like w i t h  toroidal f i e l d  a t  tlie W d l  1 Z L ~ I ' O .  

New resu l t s  f o r  self-reversed pinches are also presented. 

EFFECT OF VARYING THE PROGRAMMING 'SPHEROMAK' 

T h i s  section describcs the programniing and refers  t o  discliai-ges coiit  1.011 et1 

Figure l ( a )  gives a lstandltrdl shot. The current is induced by \I$ d p p I  i d  
t o  have a range of different  d values a t  tlie end of  the progreiiuiiing pliasc.  

from a capacitor bank; V@ i s  switched on a t  0.25 nis i n  the figure t l i t t i i ,  111 - 0 d  
v s  f a l l s  t o  zero and i s  clamped..A pedk current of -250 kA is reaclwd witli 0 
-1.5. Tlie toroidcll f i e l d  c i r c u i t  i s  used t o  es tabl ish a t$f b i a s  f ie ld  bcl'orc 

the plasma i s  created, then during the current r i s e  the c i r cu i t  i s  used to  a id  
the reversal - Veliner is negative. This negative Ve i s  a lso maintained d1.t C Y  

the current peak, producing additional reversal and lowering the pldsnlii current. 
The c i r c u i t  in te rac t ion  i s  bes t  understood w i t h  a model linking the two c i r c u i t s  
Il]. It has not yet  been found possible t o  create  a quiescent NT without using 
aided reversal and the i n i t i a l  high current peak and low 0 have also so f a r  
been necessary. The evaluation of t h e  discharge on t h e  F-8 curve is,secn t o  bc 
similar t o  t h a t  of previous experiments 12,3J. Some excursion takes p lace  a t  
the end of the programming as equi l ibrates  across t h e  l iner .  A l s o  sli0w-n i n  
t he  f igure is the signal of a f lux loop wound around the l iner .  Tlie scale is, 
given i n  terms of the  average magnetic f ie ld .  The F and 0 values discussed i l l  

this paper a re  defined as F = b i / < & b >  and 8 
a re  the values of t h e  f i e l d s  jus t  inside the l i ne r ,  cB$> i s  tlic average f ie ld  
measured by t h e  flux loop. 

60 ps earlier;  t 11 e discharge starts tlie qp w i t h  a higher current,  lowel* d 
and less reversal. I n  Fig. l ( c )  the Ve crowbar is a fur ther  20 ps ea l ie r .  l a  
a l l  the three cases I# decays w i t h  a similar gradient and during tlie decay the 
discharges move up the F-8 curve a t  a similar rate. When F approaches zero ( i . c .  

+ on leave from Culham bboratory,  U.K. 
* graduating student 

&i/<Il$>wliere B$wi and R h j  

In  Fig. l (b )  t h e  programming d i f f e r s  only i n  t ha t  tlie V0 crowbar i s  applied 
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the l3$ r e v e r s a l  i s  l o s t )  and the d i s c h a r g e  approaches a Splisl.oiiiilli s t a t e ,  t l w  
c u r r e n t  decay r a t e  i n c r e a s e s  sharply.  I f  t h e  d i s c h a r g e  i s  progrmiiied t o  dct-,iy 
froin 0 < I  .5 ( s t a b i l i s e d  p inch)  no quiescence  i s  observed and approximate1 y ex- 
p o n e n t i a l  c u r r e n t  decay occur s  141. 

SELF REVERSED PINCHES 

The r e l a x a t i o n  mechanisni appea r s  t o  be opeiutiii!: i n  t l i c  piticlws dcsL.1.i h h d  

above, as i n d i c a t e d  by t h e  form of tlie F-8 curve. It i s  possib1.e t o  deinaiistr*,iti. 
t h e  p r o c e s s  morc c l e a r l y  by forming e t i t i r e l y  s e l f  r eve r sed  pinclics (SlU').  Vigu- 
r e  2 ( a )  g i v e s  an exainplc of  an SRP. l3$ b i a s  f i e l d  i s  set  up, tlic VQ c t - o w l i c i i -  i s  
a p p l i c d  and B$ i s  allowed t o  e q u i l i b r a t e  a c r o s s  the I i n e r ,  tltcn f i w  - . 5  111s i i i  

t h e  f i g u r e  t h e  I 
cu rve  i n  F-0 t o  t! ecorne an RFP. For SRP's, however, no quiesc'ctisc is obst8ivt8d, 
b u t  the f l u c t u a t i o n  l e v e l  is seen t o  be s u b s t a n t i a l l y  lower i t 1  tlic SRP L 'VI~I I  i t '  
t h e  c u r r e n t  decays r ap id ly .  Th i s  could  be due; t o  t h e  f a c t  t h a t  the SHI' does 
n o t  reach  as  h igh  a peak c u r r e n t  as t h e  a ided  RFP; t o  t.he d e t a i l s  o f  the p iu t ' i l c  
e s t a b l i s l i e d  by programming; or t o  high wall i n t e r a c t i o n  as  t h e  SKP iiiust do work 
t o  r e v e r s e  t h e  f i e l d  o u t s i d e  t h e  l i n e r  (The a r e a  between B$ f lux  conserver. and 
t h e  l i n e r  i s  high; A =  gext/gint* 2 1 ) .  However tlie t o t a l  r a d i a t i o n  signdl does 
n o t  show a s i g n i f i c a n t  i n c r e a s e  a s  compared t o  tlie a ided  R I T  151. 

, n o t  r eve r se .  Comparison o f  ( a )  and ( b )  shows that ,  i n  the absctrcc of quicsceiicc, 
t h e  f i e l d  r e v e r s a l  does n o t  improve t h e  g r o s s  behaviour markedly. 

i n s i d e  t h e  l i n e r .  By c o n t r a s t  f o r  F-0 def ined  j u s t  o u t s i d e  tlie l i n e r  or a t  tllc 
f l u x  conse rve r ,  t h e  F-8 curves  a r e  no t  unique, v a r y i n g  s t rong ly  wi th  prograin .- 
ming. 

CONCWSIONS 

c u r r e n t  is induced, The d i s c h a r g e  evo lves  a long  tl ic U S U J ~  

F igu re  2 (b )  shows an example w i t h  a h i g h e r  i n i t i a l  R$ which t.ltcrcf'cr~~e docs 

The d i s c h a r g e  t r a c e s  t h e  nontial l o c u s  i n  F-8 wliere 1'4 a r e  defincil  .just 

In t h e  optimum I/N range IS], by v a r y i n g  tlie f i e l d  progranuiiirig coi i f iguia  - 
t i o n s  w i t h  d i f f e r e n t  0 v a l u e s  are produced. Provided tlrc t o r o i d a l  f i e l d  is re- 
ve r sed  a t  t h e  wall, i n  a l l  t h e  c a s e s  t h e  c u r r e n t  decays w i t h  il siniil.iir gl*iidiI.lit 
and d u r i n g  t h e  decay t h e  d i s c h a r g e s  move up t o  t h e  F-0 
When F approaches  ze ro  (i.e. t h e  B# r e v e r s a l  i s  l o s t )  t1.e c u r r e n t  decily r a t e  
i n c r e a s e s  sharply and the d i s c h a r g e  t e rmina te s .  Sc l f - reversed  p inches  have lrceii 
formed i n  ETA-IETA 11; t h e  magnetic f i e l d  f l u c t u a t i o n s  measured by i n t e r n a l  
probes  are much 1.ower t h a n  i n  s t a b i l i s e d  pinches,  however the l o n g  q u i e t  deciiy 
observed f o r  a i d e d  reversal RFP I S ]  i s  n o t  observed. 

ACKNW UDCEMENTS 

curve  a t  a similar r a t e .  

The exper imenta l  measurements have been done wi t l i  t h e  cont inuous  t t8 th i ica l  
a s s i s t a n c e  o f  E. Baseggio, C. Ber tocchi  and G, kkll~i. 
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OIJTIMIZAT LON AND PIUI'EHTIES OF I1EVlI:HSII:D FIELD P LNCIIES 
I N  THE ETA-DlSTA IK EXPEI1IMENT 

$owcr*s C.W. 3. , N i \ l t ? S s O  G.F., B u f f a  A., Costa S., De Atlgcllis R . ,  G i u d i L * . o t t i  L., 
!> O r t o l a n i  S., l ' u i a t t i  M. , Sciiriii P., Watts M.11.C. 

Ccrltro d i  S t u d i o  :sui C i i s  I o i i i z z a t i  
Cons ig l io  N,izioiiaIc dc 11 c Ricerclic - IJnivci-siti'i d i  P,idov;i 
Associazioric Euratom - CNR, I',idova, Z t ; i  l y  

A IISTWCT 

The range of piLrililictcrS i n  wliicli opt.iniurn Iicat ing ; \ ! I d  con1'inctncnt o f  R 1 V " s  
i s  obta ined  is s t u d i e d  hy va ry ing  t h c  f i h l i n g  p r - c s s u i ~  , I I I ~  tlic t o r o i d a l  c u r r e n t  
ampli tude.  Inipuri  r y  r a d i a t i o n  losses iire found t o  doiniiutc a t  r e l a t i v e l y  high 
d e n s i t i e s  ( p 0 2  10 m t o r r ) ,  L r g c  magnetic f i e l d  f l r i t * t .w t ions  ~ T T  found a t  l o w  
d e n s i t i e s  b u t  an optimum rango e x i s t s  ( a t  I / N  2 10-14A* in )  w i t h  sniall r a d i a t i o n  
l o s s e s  and reduced f l u c t u a t i o n s  c t i a r ac t c r i zed  by long  c u r r e n t  d u r a t i o n  ( -  1 nis) 
and h i g h e r  tempcra turcs  ( -  80 ev) .  

INTRODUCTION 

The ETA-BETA I1 cxpcririioiit i l i l S  been o p e r a t i n g  sirice Mart.11 1979. R I T  plasmas 
have been s t u d i e d  produced by r cLa t ive ly  slow se t t i ng -up ,  i . e .  rlwso c u r r e n t  
r i s e  time ( *  100 ps) i s  long compared w i t h  thc rclaxation t ime ( 
ETA - OETA 11 hilu i~ s t a i n l e s s  s t w l  vacuuin vcsse1  ( I * =  ,125 n i d  R =  . A S  ni\ of 
t h i c k n e s s  .25 mm.. Dcutcriuiii is riscd as f i  I l i i i ~  glts. 

Rlil"s produced by aided r e v e r s a l  a n d  sitiiple s t a b i l i z e d  p inches  have b w n  
r e p o r t e d  p rev ious ly  I 11. T h i s  papcr d e s c r i b e s  f u r t l i c r  r e s u l t s  which cxtrwd tliosc 
of [ l ]  t o  lower d e n s i t i e s  itlid t o  d i f f e r e n t  cur ren t  Lcvcls. Results i l iw r cpor t cd  
from a d d i t i o n a l  d i a g n o s t i L s  i n c l u d i n g  iiitc~i'~'cr'omctr.y illid t o t a l  r a d i a t i o n  
measurements. New r e s u l t s  for self-1-eversell pinclics a r e  desc r ibed  i n  a n o t h e r  
paper  [2] a long  w i t h  t h e  e f f e c t  of v a r y i n g  t h e  f i c l d  programining t o  produce ii 

range of 8 , one c a s e  be ing  Sphci*oiii,ili - Like w i t h  t o r o i d a l  f i e l d  i i t  t h c  w a l l ,  x, 
zero.  

d e s c r i b e d  have t h e  siirne biisic progi*ii1l\iilllig - iiided I * C V C I ' S ~ I I .  I n  t h i s  i t i ~ d ~  V Q I  i n e r  
i.0 progrmmed to be s1iiiil 1 i l r i d  teiid 1 0  ~ I \ c I * c ~ L S ~ * ,  0 1 %  " i i i d " ,  tlir I * c v ~ ~ I . S i i l  o f  I$& 
during the  cur rcn  t r ise  t i nic. 
+ on l e a v e  from Culhiirll Liiboi*iltOt*y, U . K .  

G M H D ~  1 cis). 

S t u d i e s  of  RFPls  a t  v a r i o u s  f i l l i n g  pi'cssures iind t h e  coinparison betweon 

With the excep t ion  of  the s t u d i e s  on sc l f - r avc r scd  Piric!>cs i l l  1 tl io C ~ Y O S  

g r a d u a t i n g  s t u d e n t  
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V A R I A T I O N  OF OISIUVZOUR W ITH I f ' I  LLlNC I'IUSSS~l1~15 ANI) CUIMISNT 

The range of' u sab le  f i l l i i t g  pressures, po,  Iias becii extended t o  i\ lower  
v a l u e ,  3intorr, by employing ii lieated f i l a m e n t  which rzmovcs the e r r a t i c  break- 
down p rev ious ly  found bclow -5 nitorr. Fig. 1 sliows r e s u l t s  from 3 RFIJ'S w1ic1.c 
ttic f i l I i . n g  p r e s s u r e  on.Ly has been v a r i e d .  Ttic t op  two Wiivc t'orins, tlic totill. 
t o ro id ; t l  cu r re l i t ,  16, and  I$jw i Llustt*iltc t.liat wliilc a sintilai. pei1.k c u r - r y n t  iiiiti 

r cvc r scd  1 1 ~  
s t r o n g l y  on po. The 6.6 rf l tc ) t -r  cxaiiiple fa l l  s i n  an o p t  i n i i i n i  p r c s s u r c  range 
wlticli t he  decay o f  T$ iind bccouie iitucli s20wcr t l i i in  i n  t l i c  lrigli iind low \)O 
cases  w!iilc t h e  f i n a l  tcriiiinati.oli i s  a b t u p t .  Tlic ircxt tl\t*ec wilvct'<>Iytts sliow l b ,  
I(t) arid lib. Tlic l a t t e r  two a rc  iitciisurcd w i t h  ; t i 1  . i n s c ~ * t a b l c  pr*obc iri ii poi*tl iolc  
a t  mitior r a d i i  0. 157 ni (l l$) and 0.145 ni (110). Tlic Icvc!I. ot' 1'I.uctuat.ioti ot' tlicsc 
q u a n t i t i e s  i s  sccn t o  fa l l :  as po i s  inc reased .   or 0 V c t . i l L . L  cI.iir,ity ttic g i* i ip~ i s  

show p o i n t s  every 10 U S  O i i l y  atid t l i u s  ntiy t ' rquciicy i i b o v ~  
The s igna l  Pli,,n g i v e s  t h e  t o t a l  r a d i a t c d  power 'LOSS incasiri-crl w i t h  ii Sodium 
s a l i c y l a t e  s c i n t i l l a t o r  [ 01 and i i l tcgrii tcd illong i i  ininor. dinmct.c.r. Tlic pank 
v a l u e  o f  P,UD iiicr.c,ises w i th  p,, and t h e  tiinc bchaviour  clinngcs froin be ing  
npproximatcly c o n s t a n t  i n  tiinc i i t  Iiigli PO t o  fall ir tg slii1r.pI.y ;it S 6 ilttorr. 
bottom t r a c e s  sliow tlic l i n e  o f  sigllt d e n s i t y  
a l a s c r  i n t c r f c r o m c t e r  141 . Ttic s ca l e  i n  ttrc f ' igurc is  i t 1  tcirtts of' avcragc 
e l e c t r o n  d c n s i t y  coi~csprstidit lg to a u n i  f'oiw r i l d i a l  p iu t ' i l c .  Tlic i t i i t i a l  pcak 
d c n s i t y  i s  approximately propoi*tionill. t o  po illid would C:ot*l-cspot\d to iu\ \ 3 1 c C t l * O t i  

d e n s i t y ,  ne, equiv i i len t  t o  twit-1: po d i s t i . i \w tcd  Luii1'oiiiily o r  i\ mildly pci\kcd 
p r o f i l e  w i t h  t o t a l  tic equj.vii1ctit t o  po. Tlicrciit'tcr t h c  d e n s i t y  i s  ttmintiiitrcd i t i  

tlie high po c a s e  wticrens i l t  p o l  6 a i tor r  tlic d c n s i  t y  t'ii'l. Ls niar-kcdly. (Tlic ~ R S C  - 
l i n e  o f  t h e  i n t c r f e r o n i c t c r  nicasurement i s  a f f c c t c d  by v i b r a t i o n  froin - 0.7 nis). 

r epea ted  f o r  3 pcak t o r o i d a l  c u r r c n t  l e v e l s ;  Id= 180, 250 and 280 k A ,  Figure  2 ( i i \  
summarises t h e  r e s u l t s  o f  t h e  po si:iins a t  180 iind 280 kA. I n  t h e  f igurc z J  r c  - 
p r e s e n t s  t h e  time f o r  t h e  c u r r c n t  t o  decay t o  I/c o f  i t s  \>ciik val.uc. 111 hotl i  
cases  t h e  r a d i a t e d  power ( t h e  niaxiiniini of  the incasured s i g n a l  i s  reported) in- 
c r e a s e s  with po,  f i r s t  p ropor t  i o n a l l y  t o  i)o tlicn t end ing  t o  siltur*iltC f o r  p o 2  14 
mto r r  as  the  temperature  dcc.r.cascs. Ttic r c s u l  t s  of  teiiipci'atur-c nicasut'cnicnts on 
axis a t  v a r i o u s  f i l l i n g  prcssurcs (on ly  i.n ttic range 6-15 intori-) a t  t h e  
o f  c u r r e n t  pcak a r c  r e p o r t e d  i i i  t ' igurc  2 ( h )  f o r  tlie Sci i t l  of  po w i t h  l a -2gO kA. 
The l c v c l  o f  magnetic f l u c t u a t i o n s ,  60/11, i s  i n d i c a t c d  itlso iti  f i g u r e  2 ( b )  wlici*c 
t h c  peak t o  peak o f  t h e  Iiigli frequency ( -  100 kHz)  f l .uctu; i t iot i  noriiialiscd t o  110 
i s  r epor t ed .  A l s o  shown i n  f i g u r e  2(a)  a rc ,  for tlic tiighci- c u r r e n t  case ,  
r c s u l t s  from a zero-dimcnsionill inodcl i n  w l i i t . l i  tlic ETA-IWTA TT. c i  i x u i t  dt*ivcs i t  

phslna w i t h  c h s s i c a ' l  r c s i s t i v i t y  and i n  wl i i c ' l i  the sigtiit ' ici\tit  ctici*gy losses 
cons ide red  are impur i ty  r a d i a t i o n  f'roin oxygcti 151 and tuisbulcnt energy t r a n s p o r t  
p r o p o r t i o n a l  t o  dB/B [ C I .  Whcii t h c  tacasui.cd va1.ucs o f  dll/ll are used togctl ici* 
with an  oxygen inipurity contc t i t  o f  4 1018iit-3 t h e  code p i x d i c t i o n s  f o r  TI 

; i re  siinilar t o  t h e  obscrvt*d v i1 .1 .u~~ .  Tlic c ~ d c  indicii tcs  tha t  at, high pres - 'IUD 
s u r e  impur i ty  r a d i a t i o n  1 . 0 s ~  doiliitiates wllarciis bclow t h e  optinturn prcssu1.c range 

a r c  a t t a i i i c d  i L t  vi i i*ioils po,  tlie 'Lirtei. avol i l t ion  o f  tlte piiic.li dcpoiids 
W 

i t i  

- 50 k11~ is iil.iiiscJ\. 

Tlia 
iiicasured 011 i i  niinor diiiltict.ct* w i t h  

The scan of f i l l i n g  prcssure  from which f i g u r c  1 shows examples has Occ~i 

tirne 

the 

and 
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t u r b u l e n t  t r a n s p o r t  liniits t-lie c:Lcctroii te i i ipe~*ature .  ,111 f i g u r e  2 (  b )  t h e  coniputcd 
teniperat.ure is a l s o  coiiiparcd w i t l i  t l iu t  measured i n  the range o f  p r c s s u ~ ~ s  i n  
which r a d i a t i o n  lo s ses  doiiiinatc arid measui-cmcnts Iiitvc bccn done so far.  

Absolute mcasurriiicnts o f  t l i c  to t i i t  i ~ a d i a t i o n  ;~rc i iot  possihle a t  Iiiorrlcilt; 
however tllc averilgc energy o f  t.lic ineiisured plrotons lins hcctr eva lua ted  hy lising 
v a r i o u s  f i l . t e r s ,  inc l .n i i i (~g  g;ls f i  I t e m ,  131 iind t h c  i\v\:t'age cncrgy docs ~ i o t  vi\I*y 
s i m i f i c u n t ' i y  ( < k > + ~ i ,  A )  w i t . I i  i*i 1 1  iiig p w s s u r c  tllris t l i c  rv I ; r t i vc  corliprlr.ison 
of' the rad in t i .on  ,it t lw  v a r i o u s  f i  1 I ing prcssui*es i s  i * i ' i i ~ o i ~ a \ ) l ~ .  Tllc iiil.tbgl-iit<*~l 

powcr r a d i a t e d  can be coiiipilrcd w i t l i  tlic: ericrgy i n p u t ;  tlic i*esiil ts  i1i.C i*cpOrtt:d 
i r i  f 'igur-e 4 wlicrc i t  i s  assuiiicd tllat, thc r i i t i i ; l t c % c i  t?~icr.KY I-t:pl.L!~scrllts t lit> rL)t  i I  I 
ciic:fgy loss  ill: t l ~ e  I i i g h e s t  pi'ctisrirc i :oi isidcr*eJ, A t  t l ic Iawcir f i l  I ii1.q p r e s s ~ i r e s  
t h e  r a d j  a t c d  energy wou Id  corresponding1 y repi*csciit 011 1.y S 1tYX o f  tlle totti1 
1 0 S Y O S .  

In f igu rc  2(a )  t t i c  optiiiitiiii p6, riltigL\ i s  sccii t o  I,C t'r*orii allout ii t L r  8 riitorr fcji. 
tlic h i g h e r  c u r r c n t  C i I S C  and froin - 4 t o -  (r iiitoi-r f o r  t l i c  lowcr. A t  Ini.gcr* c u r - i ' c ! n t  
tlie i n c r c a s c d  o h i c  hc i i t ing  power i l l  Lows bu in ing  tliroiigli o f  tlrc iiiipuriti c s  i r t  

corresponditigly h i  glicr d c n s i t i c s .  Ilowevc~* t h o  larger t,lic cui*r*ciit, tlic liiglici* is 
the c r i t i c a l  fi.l..liiig p r e s s u r e  bc:low w l r i c l i  I argc fIi\Ct.uiLtioils itP\Wi\ I*  iiI\d p3o1' 
confinement i s  obtilined. TIrc rcLcvimt parameter SCL-IIIS t.0 be I / N  a s  discussed it1 
1 7 , d I .  In f'igure 3 t hc  rcsul.ts of  t.Iic pl'cssurc sciu ls  ;it t h e  vilrious cui*rcrlt 
l cvc ls  arc p l o t t e d  as ii f'uiiction of  I/N. ?'tic urt i i i i t i i i i  I*ii,tigc i s  siiiiiliii' i n  tlic 
v a r i o u s  cases and c e n t e r e d  a t  abou t  1-1. 5- IO' 4 *iii. Tlic: Vi i  luc 01' N, t.lic I i i r i :  dciisi- 
t y ,  uscd i s  that  corrvsponding t o  po. Tlic a c t u a l  .Liiic: clciisity is  known t o  viiry iii 

t ime from i n t e r f e r o m e t r y  meiisurciiicnts, bu t  i s  proportionit ' l  t o  tlic t'i I I iiig dcnsi-  
t y  n e a r  t h e  c u r r e n t  pcak. Subscquctit ly,  o f  coui'sc, botli t l i c  curi'cirt iIi1d dc i i s i ty  
vary.  As a scal ing  parariieter t h e  pcak t o r o i d a l  c u r r e n t  d iv ided  by tlic number o f  
e l e c t r o n s  co r re spond ing  t o  the f i l l i n g  p r e s s u r e  i s  cons ide red  i n  tlie f i g u r e .  

PROPERTIES OF THE 'QUIESCENT PHASE * 
In fig. 1 ,  6.6 m t o w  cilsc, tIic ptiilsc froin 0.6 t o  1 . 4  IUS i s  i loticcilhly d i f -  

f e r e n t  froiii t h a t  o f  t he  low atid high p r e s s u r e  ciiscs ii11d i.s Looscly tcriiicd tlic 
q u i e s c e n t  phase, (qp).  
l i n e a r  and would f a l l  t o  l/e o f  i t s  i n i t i a l .  qp t i l l t ic  i n  i i iorc tliitn 1 tiis, extrapo- 
l a t i n g .  The  q p  i s  only sccn f o r  a ccr-tii.in f i l l . i n g  p r c s s u r c  riitigc, itascisihc.d 
i~bovc  as  tllc optimum po r*iitigc. The IcngtIi o f  tllis PIli~Sl! ,  t I i ~  c\jt't*l?iit ~ C V C ~  i ~ n d  
decay tiiiie are a l l  r cp roduc ib lc  froni sliot-to-shot a i d  nioirtli-to-iii~)i~th. The qp i s  
n o t  seen if t h e  i n t c r i i a l  probe is insci*tcd niorc th;w - 4 ciii 01% f o r  tlrc f i r s t  
few s l io t s  a f t e r  a i r  hits e n t e r e d  tlic ViLcuuiii systcin. T i l  t h e s e  c a s e s  thc  cu r rc t l t  
decay i s  more r a p i d  and t h e  a b r u p t  t e m i n a t i o n  i s  riot sccn. The qp hiis only bccil 
produced i n  aided r e v e r s a l  W i s .  

Figure  5 shows t h  e v o l u t i o n  of' the tcniperilture and d e n s i t y  o f  ;in IWP w i t l i  

quiescence.  The e l e c t r o n  t empera tu re ,  T,, on a x i s  iiicasurcd by Ttionisoli s c a t t e r i n g  
r ises  from -40 eV a t  peak c u r r c n t  t o  -80 eV and Tc remains ilpproxiinately 80cV 
d u r i n g  t h e  qp. The co r re spand ing  d e n s i t y  o n  axis drops  by a f a c t o r  o f  about 2 
a t  t h e  s t a r t  o f  quiescence,  w ~ i i l t .  t ~ i z  l i n e  of  sight iiciisity ( in t e r f c ron ic t c l .  ~ ~ 1 ~ i ~ -  

During tliis pliasc tire c u r r e n t  dzciiy is approxiii i i i tdy 
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Plasma Res i s t ance  Behavior du r ing  t h e  L inea r  
Decay Phase of RFPs i n  ETA BETA I1 

G. F. Nalesso 

Centro d i  Studio s u i  Gas I o n i z z a t i  
d e l  C o n s i g l i o  Nazionale d e l l e  Ricerche e d e l l ' l J n i v e r s i t i  d i  Padova 

(Associazione Euratom-CNR)-Padova ( I t a l y )  

I n t r o d u c t i o n  

I n  t h e  "aided-reversal"  mode RFP d i s c h a r g e s  produced i n  ETA BETA 11, t h e  
plasma current is c h a r a c t e r i z e d  by a l i n e a r  decay phase,  which fol lows an 
approximately exponen t i a l  phase. During t h e  same pe r iod  t h e  measured t o r o i d a l  
v o l t a g e  is n e g a t i v e  and i n i t i a l l y  i n c r e a s i n g  i n  a b s o l u t e  v a l u e  ( exponen t i a l  
phase)  and then dec reas ing  t o  almost z e r o  d u r i n g  t h e  l i n e a r  phase b e f o r e  t h e  
c u r r e n t  t e rmina t ion  (see F i g .  1 ) .  The  same behavtor  of t h e  c u r r e n t  has  been 
observed i n  t h e  "quiescent  phase" i n  ZetaZ ( s e e  Ftg. 2 )  where a n e g a t i v e  
t o r o i d a l  e l ec t r i c  f i e l d  was a l s o  observed. Tn t h i s  n o t e  we p re sen t  a model 
t h a t  can e x p l a i n  t h e  l i n e a r  decay phase and f i t s  w i th  t h e  experimental  
pa rame te r s  and al lows us  t o  estimate t h e  plasma r e s i s t a n c e  behavior  du r ing  t h e  
l inear  phase of s low reve r sed  f i e l d  pinch d i scha rges .  

Plasma Model 

The e l ec t r i ca l  behavior  of t h e  d i s c h a r g e  can b e  exp la ined  with a s imple 
model where t h e  plasma is considered a s  an  impedance wi th  a res is t ive p a r t  i n  
series wi th  an i n d u c t i v e  p a r t ,  bo th  v a r i a b l e  i n  t i m e .  We can then write t h e  
l i n e a r  d i f f e r e n t i a l  equa t ion  

where V4 is  t h e  v o l t a g e  d r o p  a t  t h e  impedance (which is measured) and Ip t h e  
(plasma) c u r r e n t .  To f i n d  a s o l u t i o n  of t h e  p rev ious  equa t ion  we assume a 
Tay lo r ' s  ser ies  expansion f o r  t h e  f u n c t i o n s  Lp,  RP and V namely $' 
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L e t  us  f i r s t  cons ide r  t h e  s i m p l i f i e d  case where t h e  time v a r i a t i o n  of t h e  
plasma inductance  is n e g l i g i b l e  compared wi th  t h e  changes i n  t h e  o t h e r  
q u a n t i t i e s  (L = c o s t  E Lo). To t h e  f i r s t  o rde r  and wi th  i n i t i a l  c o n d i t i o n  
I ( o )  Io we g e t  

1 R ( l )  w i th  - = - 
'R RO 

( 4  1 t v+ = -Vo(l - -) ('v > 0) 
'V 

It  t u r n s  o u t  then  t h a t  o n l y  a resistance Inc reas ing  wi th  time (iR > 0) can 
g i v e  a c o n s t a n t  time d e r i v a t i v e  t o  the f i r s t  o r d e r  and, i n  this approximation 
t h i s  happens when 

R O I O  Ro 1 vo 1 Ro -(-+-) +- (r--) 3 0  0 

Lo 'v Lo LO o 'R 
( 5 )  

I n  t h e  g e n e r a l  ca se ,  assuming a time-dependent plasma inductance ,  i t  is 
e a s y  t o  show t h a t  we can g e t ,  t o  t h e  f i r s t  o rder ;  t h e  same s o l u t i o n  as b e f o r e ,  
provided t h a t  t h e  expres s ion  f o r  Ro, to, iR and T" a r e  s u b s t i t u t e d  wi th  
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I R, = R, + L (1 1 

L, = Lo 

1 1 1, (1 ) -=[-+-I . 
‘V ‘v Lo 

Now, if t h e  plasma inductance I s  i n c r e a s i n g  i n  tlme (I , ( ’ )  > 0). t o  g e t  a 
c o n s t a n t  dT/dt t o  t h e  f f r s t  o r d e r  i t  is necessa ry  t o  have a h i g g e r  i n c r e a s e  i n  
t h e  plasma r e s i s t a n c e  than i n  t h e  r e v i o u s  case.  However, I f  we assume 8 
d e c r e m i n g  plasma inductance ( L ( l 7  < n), t h e  l i n e a r  behav io r  can be explained 
a l s o  wi th  a c o n s t a n t  o r  even dec reas ing  plasma r e s i s t a n c e .  The cond i t ion  f o r  
a l i n e a r  behav io r  w i l l  read i n  t h i s  case 

1 RO ROI, I Lo vo(- + -) + - bo - -1 
7, (1 ) TV Lo LO ‘R _ _  

- - I D  . 
I Lo10 

Vo + ROTo + - LO 

‘R 

(7) 

Pumerical  R e s u l t s  f o r  ETA BETA I1 

I f  w e  now c o n s i d e r  t h e  fol lowing expe r imen ta l  parameters  ( i n  some t y p i c a l  
c o n d i t i o n s )  f o r  ETA BETA I1 ( see  Fig. l ) ,  

!To = 2 5  v 

‘v = 0.4 ms 

I, = 160 kA ( a t  t h e  beginning of t h e  l i n e a r  phase)  

d 1  - -IO8 A/s  
d t  
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and an estimated initial plasma inductance 

we can deduce, for the constant inductance case, 

so that the current time derivative is constant if 

For the general case of varying both the plasma resistance and 
inductance, let us consider the limiting case of constant resistance. We see, 
with the same parameters of the previous example, that Eq. ( 7 )  can be 
satisfied i f  

and it follows that Ro = 1 ma. This simply means that we can get a constant 
plasma resistance of 1 mil if the initial plasma inductance of 0.6 pH is 
linearly going to zero in 0.8 ms. 

To conclude this consideration on the ETA BETA I1 case it is easy to show 
the that for a decreasing resistance we can get a maximum of I T R I  - 1.6 ms in 

limiting case where L ( l )  + a. 

Conclusions 

The observed linear decay phase of the plasma current in the RFPs in 
ETA R W A  IT: can be explained on the basis of a simple model assuming a plasma 
resistance increasing linearly with a characteristic time approximately equal 
to the time of the linear phase (TR 0.4 ms for the considered case), if the 
plasma inductance varies in times much longer than this characteristic time. 

However, if the plasma inductance decreases with a characteristic time of 
the same order, a constant or even slightly decreasing plasma resistance is 
compatible with the observed behavior. However, even if it is reasonable to 
assume a decreasing inductance, taking into account, e-g. ,  the electron 
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d e n s i t y  and t h e  8 time behav io r ,  t h e  c h a r a c t e r i s t i c  t i m e  would be of t h e  o r d e r  
of some m i l l i s e c o n d s ,  l e e . ,  much longer  than t h e  l i f e t i m e  of t h e  l i n e a r  phase,  
s o  t h a t  a n  i n c r e a s i n g  r e s i s t a n c e  i s  more l i k e l y  t o  occur.  The i n i t i a l  plasma 
r e s i s t a n c e ,  on t h e  bas i s  of t h i s  model, can be e s t ima ted  t o  l a y  between.0.2 mQ 
and 1 mR. 

To conclude we p o i n t  o u t  t h a t  t h e  measured e l e c t r o n  temperature  on a x i s 3  
shows a s l i g h t  i n c r e a s e  du r ing  t h e  l i n e a r  phase. Because the  average 
r e s i s t a n c e  m u s t  be ,  a t  t h e  most, c o n s t a n t  i n  time, t h i s  would sugges t ,  w i t h i n  
the l i m i t a t i o n s  of  t h e  model, t h e  e x i s t e n c e  of an  external r eg ion  where t h e  
plasma i s  cooled down, b u t  up t o  now no experimental  resul ts  for t h e  e x t e r n a l  
r e g i o n  are  a v a i l a b l e .  
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EXPERIMENTAL STATUS OF ZT-40* 

A. Haberstich, D -  A. Baker, M e  D. Baueman, C. J .  Buchenauer, L. C. Burkhardt, G .  I. Chandler, 
J. N e  DiMarco, J -  N. Downing, C. A. Ekdahl, P. R. Forman, K. B. Freese, R. F. Gribble, 
R. B -  Howell, A. R e  Jacobson, F. C. Jahoda, K. A. Klare, E. M. L i t t l e ,  G .  Miller ,  S. Ortolani**, 
J * * A *  P h i l l i p s ,  A. E. Schofield, K. S. Thomas, R. G. Watt, P. G. Weber, R. W. Wilkins, and 
Y Y oshida*** 

INTRODUCTION 
LOS Alamos S c i e n t i f i c  Laboratory, Lo8 Alamos, N.M. 87545 

ZT-40 is a t o r o i d a l  reveraed-field pinch with 
major and minor diameters of 2.28 and 0.4 m. The 
discharge chamber is made of 99.5% pure alumina, 
and the experiment is designed for ,  and has  been 
checked out a t  t o r o i d a l  cur ren ts  of up t o  600 M. 
I n  t h e  present  configurat ion,  t h e  rise time of the  
t o r o i d a l  current  can be var ied from 250 t o  100 us 
by changing t h e  number of t o r o i d a l  feed poin ts  from 
1 t o  4. The r i s e  time of the t o r o i d a l  f i e l d  is 
50 us. Pre ioniza t ion  is accomplished by means of 
an RF discharge followed by a weak t o r o i d a l  
precursive current .  The base prersure  i n  the  
discharge chamber i r  8 ~ 1 0 ' ~  t o r r ,  and the main 
i m u r i t i e s  have molecular weight 20 and 28. 

ZT-40 has  been i n  operat ion s ince  October 5, 
1979. There have been approximately 1800 shots ,  
80% of which were f i r e d  with 4 feeds and the 
remainder with 1 feed. The f i l l i n g  gas has been 
deuterium. A v a r i e t y  of programming modes has been 
explored. Here we present  r e s u l t s  f o r  t h e  
s t a b i l i z e d  (non-reversed) pinch, t h e  self-reversed 
and the aided r e v e r s a l  modes. 

The toro ida l  current  is s t a r t e d  i n  a l l  3 cases  
a t  the peak of the  t o r o i d a l  f i e l d .  I n  the  
s t a b i l i z e d  pinch mode, t h e  t o r o i d a l  f i e l d  is 
crcwbarred a t  the  same time. The self-reversed 
pinch i r  simply a s t a b i l i z e d  pinch with lower 
t o r o i d a l  f i e l d ,  t ha t  is, a higher i n i t i a l  theta .  
Reversal i s  produced i n  the  aided r e v e r s a l  mode by 
delaying the appl ica t ion  of the  t o r o i d a l  f i e l d  
crawbar. 

WC begin t h e  d i icurs ion  with t h e  formation 
phase- of 4-feed r t a b i l i z e d  pinches. We then 
descr ibe observations made during the  iustainment 
phase of 4-feed i t a b i l i z e d ,  self-reversed and aided 
r e v e r s a l  pinches. F ina l ly  we present  preliminary 
r e s u l t s  on t h e  formation and sustainment of s i n g l e  
feed s t a b i l i z e d  pinches. 

FORMATION PHASE 

Figure 1 rhowe t h e  t o r o i d a l  cur ren t ,  t o r o i d a l  
f l u x  and t o r o i d a l  f i e l d  a t  t h e  wal l  of a t y p i c a l  
4-feed s t a b i l i z e d  pinch at 20 mtorr f i l l i n g  
pressure. The t o r o i d a l  current  starts a t  50 us. 
The behavior of the l i n e  i n t e g r a l  of t h e  e lec t ron  
dens i ty ,  a s  measured by IR interferometry (3.39 u m )  
along reven chords of the  discharge tube, is s h m  
i n  Fig. 2 f o r  another  20 mtorr pinch. The chords 
are perpendicular t o  t h e  midplane of the  

* 
'"Work performed under t h e  auspices  of t h e  U.S. 
jlgpartment of Energy 
***On leave from Universi ty  of Padua, Padua, I t a l y  

On leave from Ichinoseki  Technical College, 
Ichinoseki ,  Iwate, Japan 

experiment, and t h e i r  pos i t ions  r e l a t i v e  t o  the  
major radius  a r e  -55, 5, 50, 79, 107, 126, and 
164 

?he formation phase of the  discharge l a s t s ,  i n  
t h i s  case, from time 50 t o  120 us. It  can be 
divided i n t o  an i o n i z a t i o n  phase (from t i m e  50 t o  
75 us), a quasi  steady s t a t e  phase (from time 75 t o  
87 us),and (1 turbulent  per iod followed a t  120 we 
by 8 aubs tan t io l  drop i n  density. This drop, which 
is more or l e s e  not iceable ,  depending on the  

1N m I(* UI w 

Fig. 1. Stabi l ized  pinch. Toroidal current  (MI, 
average t o r o i d a l  f i e l d  ( G ) ,  and t o r o i d a l  f i e l d  a t  
t h e  wal l  (kG) va t i m e  (us). 

1 

1 

n a IN in 

Fig. 2. Chord-averaged e lec t ron  d e n s i t i e s  
( f r i n g e s )  ve time (us). 
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discharge condi t ions,  marks t h e  beginning of the  
containment phase. The containment phase remains 
turbulent  except f o r  the  quie t  per iods discussed 
below. 

The ion iza t ion  and quasi-steady s t a t e  l i n e  
d e n s i t i e s  a r e  wel l  behaved a t  t h i s  pressure. The 
outer  chords show the  highest  readings, i n d i c a t i n g  
a hollow ioniza t ion  prof i le .  Ae the  f i l l  pressure 
i s  lowered, t h e  steady s t a t e  period becomes s h o r t e r  
and the turbulence eventual ly  reaches i n t o  the 
ion iza t ion  phase. 

The ion iza t ion  phase is  a l s o  charac te r ized  by 
a l i n e a r  increase of the  t o r o i d a l  cur ren t  and a 
nearly constant  t o r o i d a l  vol tage,  suggest ing a 
constant i n i t i a l  discharge inductance. The value 
of this inductance is found t o  decrease from 
0.16 I.IH per  quadrant a t  40 mtorr f i l l i n g  pressure 
t o  0.08 UH a t  10 mtorr, and then t o  increase  
sharply below t h a t  pressure. 

CONTAINMENT PHASE 

A. S tab i l ized  Pinch 

Typical  cur ren t  and f i e l d  waveforme f o r  t h i s  
moda have been ahown i n  Fig. 1. An important 
fea ture  of the t o r o i d a l  cur ren t  t r a c e  is i t s  decay 
time. This time is  ueually considered t o  be a 
measure of the  r e s i s t i v i t y  of t h e  plasma column. 
Note, however, t h a t  i t  is  a l s o  a funct ion of t h e  
c i r c u i t  parameters, which a r e  f a i r l y  wel l  k n m ,  
and of the inductance and r a t e  of change of 
inductance of the plasma, about which w e  have 
l i t t l e  information. 

The cur ren t  decay r a t e  f o r  8 s e r i e s  of 350 kA 
s t a b i l i z e d  pinches is  p lo t ted  i n  Fig. 3 as funct ion 
of f i l l  pressure. One sees t h a t  the  decay r a t e  
increases  rapidly a t  the  lower pressures. This 
e f f e c t  d i f f e r s  from the  r e s u l t s  of zero-dimensional 
ca lcu la t ions  which predic t  longer decay times a t  
lower pressure with constant impurity content.’ 

i 
i 

B+ m2.7 kG 
V+enNKm5.0 k V  

0. 

” *  . 

I I I I 1 1 
0 IO 20 30 40 SO 60 
01 

p, (m Tor r 1 

Fig. 3. Toroidal current  decay r a t e  VB f i l l  
pressure. Peak cur ren t  350 M. 

The l f e  of peak decay times a t  3 20 mtorr, a t  
peak cur ren ts  of 350 and 500 M are, approximately, 
200 and 250 us. A model ca lcu la t ion  assuming a 
p e r f e c t l y  conducting plasma, a uniform cur ren t  
dens i ty ,  and no compression gives  comparable 
results. The decay times observed a t  high f i l l  
p ressure  appear, therefore ,  t o  be s t rongly a f fec ted  
by c i r c u i t  parameters. 

Abel inversion of l i n e  densi ty  measurements is 
made d i f f i c u l t  by t h e  dens i ty  f l u c t u a t i o n s  and by 
u n c e r t a i n t i e s  about t h e  assumption of azimuthal 
symmetry. The general  impression is t h a t  t h e  
dens i ty  p r o f i l e s  during containment are e i t h e r  f l a t  
o r  hollov. This conclusion appears t o  apply t o  
se l f - reversed  and aided r e v e r s a l  pinches as well. 

Figure 4 shows Thomson s c a t t e r i n g  measurements 
of the e lec t ron  temperature on axis a t  peak 
t o r o i d a l  current ,  a s  funct ion of f i l l  pressure. Aa 
i n  ETA-BETA XI, t h e r e  is an increase  i n  temperature 
a t  lover  pressure, bu t  the  temperature drops again 
belav 5 mtorr. The f a c t  t h a t  t h e  temperature 
remains high at  -20 mtorr  suggests  a low impurity 
leve l .  

4 
A 

s ji 

Fig. 4. Electron temperature (eV) on axis M f i l l  
pressure (mtorr). Peak cur ren t  450 kA. 

Both t o r o i d a l  d I / d t  end chord-integr8ted 
dens i ty  t races  show s u b e t a n t i a l  l e v e l s  of 
f luc tua t ions .  D e t a i l s  about these  t r a n s i e n t  
phenomena a r e  given elsewhere i n  these  proceedings. 
There a r e  no q u i e t  cur ren t  o r  dens i ty  periods under 
t h e s e  non-reversed f i e l d  conditione. 

B. Self Reversal 

Waveforme f o r  t h i s  mode a r e  shown i n  Fig. 5 .  
The decay rates of t h e  self-reversed discharger  
show a marked improvement over s t a b i l i z e d  pinches 
i n  the sense t h a t  they remain approxiuietely 
constant  a s  t h e  f i l l  pressure is decreased. Thin 
is shown i n  Fig. 6 .  Thoamon s c a t t e r i n g  
temperatures under these  conditione vary between 
35 cV a t  20 mtorr. and 50 eQ a t  5 mtorr. 

Another i n t e r e s t i n g  f e a t u r e  of self-revereed 
discharges a t  lov f i l l  pressure is t h e  occurence of 
q u i e t  .periods. The symptom d i f f e r  from t h e  
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Fig. 5 .  Self-reversed pinch. Same measurements a s  
i n  Fig. 1. 

I I 

3 I 1 I I 

: I  
i i t rg 

OO i IO 20 30 4 0  

po (mlorr ) 

Fig. 6. Toroidal  cur ren t  decay r a t e  v8 fill 
pressure f o r  self-reversed (open data  p o i n t s ) ,  and 
s t a b i l i z e d  pinch ( s o l i d  poin ts ) .  Peak cur ren t  
450 kA. 

quiescence observed on ETA-BETA I1 and on ZETA 
s i n c e  quietness  appears mostly on t h e  densi ty  
t r a c e s  r a t h e r  than on the t o r o i d a l  dI /dt .  This i s  
shown i n  Fig. 7 f o r  a f i l l  pressure of 5 mtorr. A 
comparison of the  frequency reeponses of the  
d iagnos t ics  used on t h e  var ious RFP experiments is  
needed. 

Figure 8 gives  the  time and durat ion of the  
q u i e t  densi ty  per iods observed during a series of 
self-reversed pinches. Approximately one out of 
t h r e e  discharges is represented on t h e  graph. The 
neceseary condi t ions f o r  extended q u i e t  periods 
are: low dens i ty ,  reversed t o r o i d a l  magnetic f i e l d  
and t o r o i d a l  e l e c t r i c  f i e l d  a t  t h e  w a l l .  The 
dashed v e r t i c a l  l i n e s  ind ica te  t h e  average time 
during which these  c r i t e r i a  a r e  s a t i s f i e d .  The 
instantaneous value of t h e t a  a t  t h e  beginning of 
t h i s  period is approximately 2.5. 

0 lob I I I .  mo 300 
TIME (ps) 

Fig. 7. Self-reversed pinch. Toroidal  current ,  
time der iva t ive  of t o r o i d a l  current ,  t o r o i d a l  f i e l d  
a t  the wall, and time der iva t ive  of chord 
- integrated d e n s i t i e s  vs time. 5 mtorr f i l l .  

1 I 1 1  I 1 1  1 
1 - 1  
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1 - 1  I- I 
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t 250- 
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C. Aided Reversal 

Typical  waveforms f o r  t h i s  mode are shown i n  
Fig. 9. Since aided reversa l  is accomplished by 
delaying the t o r o i d a l  f i e l d  crowbar, i t  is possible  
t o  study the continuous t r a n s i t i o n  between 
StabilLzed and aided reversa l  pinches. One then 
observes tha t  aided reversa l  improves the  t o r o i d a l  
current  decay time a t  low f i l l  pressure,  and makes 
i t  comparable t o  the  high pressure value. The 
absc issa  in Fig. 10 represents  t h e  crowbar time of 
t h e  t o r o i d a l  f i e l d .  The peaks of t h e  t o r o i d a l  and 
polo ida l  f i e l d s  occur at 50 and 150 lis, 
respect ively.  "he decay time increases  from 140 us 
without aided reversa l  t o  260 us o r  so a t  both 5 
and 10 mtorr f i l l s .  The crowbar times above 110 us 
i n  the  diagram correspond t o  excessive negative 

values  of t h e  t o r o i d a l  f i e l d ,  r e s u l t i n g  i n  l a r g e  
t o r o i d a l  f i e l d  f luc tua t ions .  

b I , , , . I I  , , l , , , , l , , , ,  
, , , , , I ( ,  , ,  , , , , , ( , . ,  

J 

Fig. 9. Aided reversal .  Same measurements as in 
Fig. 1, 
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Fig. 10. Toroidal cur ren t  decay time (us) vs 
t o r o i d a l  current  c r m b a r  time a t  5 and 10 mtorr 
f i l l .  Peak current  400-450 kA. 

The decay timer on ZT-40 r t i l l  d i f f e r  from 
ETA-BETA XI r e s u l t s  i n  t h e  sense t h a t  they do not 
show a marked improvement a t  law f i l l  p ressuree2  
T h i s  may be due t o  t h e  l i u l t i n g  e f f e c t  of the  ZT-40 
e x t e r n a l  c i r c u i t  parameters mentioned e a r l i e r .  

Thornson s c a t t e r i n g  masuremeats during t h e  
a ided  r e v e r s a l  scan suggest an a x i a l  temperature 
r i s e  with t h e t a  from 40 eV t o  65 eV. An estimate 
of the e l e c t r o n  temperature has a l s o  been obtained 
from W spectroscopic  measurements of OV(62.9 a m ) ,  
OVI(l03.2 nm), and CV(227.1 nm) impurity radiat ion.  
The O V I  and CV waveform a r e  simi.lar t o  what one 
would expect i n  a burn-through s i t u a t i o n .  Both t h e  
depth and durat ion of the  burnthrough a r e  found t o  
improve v i t h  increas ing  t h e t a  over t h e  range of 1.5 
t o  2.5. 

Figure 11 shows elmultaaeous measurements of 
O V I  and CV rad ia t ions .  Since t h e  e x c i t a t i o n  
p o t e n t i a l  of the  227.1 no carbon l ine i o  305 eV, 
t h e  appearance of t h i s  rad ia t ion  during the  e a r l y  
phase of t h e  discharge i n d i c a t e s  a r e l a t i v e l y  high 
e l e c t r o n  temperature. 

A model ca lcu la t ion  ur ing  t h e  zero-dimeneional 
code mentioned a a r l l e r  ha8 been c a r r i e d  out i n  an 
atteiapt t o  relate t h e  durat ion of the O V I  
rad ia t ion ,  t h a t  is t h e  t i m e  taken t o  burn through 
t h i s  ion iza t ion  s tage,  t o  an e lec t ron  temperature. 
The method is t o  spec i fy  t h e  t i m e  dependence of the  
e l e c t r o n  temperature, and t o  c a l c u l a t e  the  
populat ion of O V I  as funct ion of time f o r  various 
d e n s i t i e s .  The durat ion of t h i s  population is then 
corrpared v i t h  the  durat ion of t h e  observed O V I  
peak. The method r e l i e s  on a number of 
assumptions. Preliminary r e s u l t s  suggest e lec t ron  
temperatures of 50 t o  100 eV f o r  f i l l i n g  pressures  
of 20 t o  2 mtorr, respec t ive ly ,  a t  a peak cur ren t  
of sa0 k ~ .  

Fig. 11. Toroidal  current  (M), CV (227.1 nm), and 
O V I  (i03.2 nm) l i n e  r a d i a t i o n  va t ime  (us). 
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Q u i e t  t o r o i d a l  current  periods have been 
observed a t  20 mtorr fill and peak discharge 
cur ren ts  of 400 WL. These shor t  periods a r e  
accompanied by quietness  i n  the  time der iva t ive  of 
t h e  e lec t ron  densi ty  and, sometimes, by a temporary 
improvement i n  the  decay r a t e  of t h e  t o r o i d a l  
current .  

SINGLE-FEED OPERATION 

The slow rise t i m e  single-feed r e s u l t s  
presented here a r e  f o r  the s t a b i l i z e d  pinch mode. 
As f o r  the s t a b i l i z e d  4-feed configurat ion,  t h e r e  
i s  a marked d e t e r i o r a t i o n  of the  cur ren t  decay t i m e  
a t  lower f i l l  pressures .  Also, t h e r e  is a 
considerable  drop i n  peak t o r o i d a l  current ,  
t y p i c a l l y  from 400 kA a t  20 mtorr, t o  150 kA a t  
5 mtorr f i l l  pressure. This e f f e c t ,  s h m  i n  
Fig. 12 f o r  20 and 10 mtorr discharges,  is believed 
t o  be due t o  excessive plasma losses .  

An i n t e r n a l  magnetic probe has been used t o  
determine the  polo ida l  f i e l d  d i s t r i b u t i o n  i n  t h e  
o u t e r  half  of t h e  discharge radius. The probe was 
contained i n  a sapphire  jacket  and was made of bare  
aluminum wire  t o  minimize contamination i n  case of 
breakage. Resul ts ,  obtained during a series of 
360 kA, 20 mtorr discharges, i n d i c a t e  t h a t  the  
t o r o i d a l  current  does not f u l l y  detach from t h e  
wal l  i n  t h i s  mode. 

Fig. 12. Single Lead. Toroidal  cur ren t  (M) and 
vol tage (V) ve time (us) f o r  20 mtorr (upper 
t r a c e s )  and 1 0  mtorr  (lower t r a c e s )  f i l l .  

I I I I , ' O I  60 

._ /PLASMA RSlSTINCf 1 

TIME btl 

Fig. 13. Toroidal  Volt-seconds VB time. Peak 
cur ren t  360 kA, 20 rntorr f i l l .  

From t h e  polo ida l  f i e l d  measurement, one can 
c a l c u l a t e  the poloidal  magnetic f lux  content of the  
device and compare it with the  Volt-seconds 
suppl ied t o  t h e  experiment. This is  shown, a s  
func t ion  of time, i n  Fig. 13. The uppermost region 
of the graph represents  the  Volt-seconds d iss ipa ted  
i n  the plasma and aluminum primary. 

The c l a s s i c a l  plasma res i s tance  necessary t o  
account f o r  t h i s  l o s s  leads t o  an e lec t ron  
temperature of the  order  of 15 eV. Thomaon 
s c a t t e r i n g  measurements of the c e n t r a l  e lec t ron  
temperature a t  400 kA, 20 mtorr f i l l  Ind ica te  a 
temperature of 20 t o  25  eV a t  300 IIS, dropping t o  
10 eV a t  700 u s  i n  t h e  discharge. 

CONCLUSIONS 

ZT-40 has been operated i n  the  s t a b i l i z e d ,  
self-reversed,  and aided reversa l  modes with 
t y p i c a l  cur ren ts  up t o  500 kA. RFP operat ion has 
been obtained with e lec t ron  temperature values of 
40 t o  70 e V ,  wel l  above t h e  oxygen rad ia t ion  
b a r r i e r .  A t  low pressures ,  t h e  shor t  decay times 
of s t a b i l i z e d  pinches a r e  markedly lengthened when 
t h e  discharges are converted t o  reversed-field 
pinches. The longest  decay times a r e  l i k e l y  t o  be 
dominated by the  parameters of the  ex terna l  
c i r c u i t .  Quie t  per iods i n  t h e  dens i ty  f luc tua t ions  
have been observed f o r  t h e  RFP mode of operation. 
The occurence of these  q u i e t  periods i n  ZT-40 is i n  
many ways similar t o  the  per iods of reduced current  
f l u c t u a t i o n s  i n  Zeta and ETA-BETA XI, but the  
re la t ionehip  between the  two phenomena i o  yet  
unclear. 

1. S. Ortolani ,  Lor Ahnoe S c i e n t i f i c  Laboratory 
repor t  LA-8261449, Fob. 1980. 

2. A. Buffa, e t  a l . ,  9 th  Europoan Conf. on 
Control led Furion and Plarma Phyr., Oxford, 
England ( 1 9 7 9 ) .  
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TRANSIENT PHENOMENA ON ZT-40* 
by 

A .  R. Jacobson and C. J. Buchenauer 

INTRODUCTION 

T h i s  paper  examines two a s p e c t s  of f l u c t u a t i o n s  i n  t h e  ZT-40 r eve r sed  f i e l d  

pinch.  F i r s t ,  t h e  p o l a r i z a t i o n  of t h e  magnetic f l u c t u a t i o n s  i n  t h e  o u t e r  
(vacuum) r eg ion  i s  d i scussed .  Th i s  i n  t u r n  p rov ides  information on t h e  

wavevectors a s s o c i a t e d  wi th  t h e  tu rbu lence .  The r e s u l t s  provide some c l u e s  
about  t h e  l o c a t i o n  ( i n  minor r a d i u s )  of t h e  s i n g u l a r  s u r f a c e s  which a r e  
c u s t o m a r i l y  a s s o c i a t e d  wi th  f l u c t u a t i o n s .  Second, t h e  d e n s i t y  f l u c t u a t i o n s  a r e  

s t u d i e d  us ing  a mult ichord i n t e r f e r o m e t e r .  We r e p o r t  on t h e  s p a t i a l  d i s t r i b u -  

t i o n  ( i n  major r a d i u s )  of t h e  chord-averaged f l u c t u a t i o n s .  

POLARIZATION OF MACNETIC FLUCTUATIONS AT THE WALL 

E x t e r n a l  magnetic probes have been used t o  s tudy  t h e  time behavior  of t h e  
magnet ic  f i e l d s  c l o s e  t o  t h e  she l l  (r - rw = 21.8 cm), o u t s i d e  t h e  ceramic 

l i n e r .  Both Be and B a r e  measured s imultaneously a t  two p o l o i d a l  l o c a t i o n s  
( s e p a r a t e d  by A0 = n), t h a t  i s ,  nea r  t h e  i n s i d e  and o u t s i d e  i n  terms of major 
r a d i u s .  The common-mode and d i f f e ren t i a l -mode  f i e l d s  a re ,  r e s p e c t i v e l y :  

+ 

We r e e x p r e s s  t h e  d i f f e ren t i a l -mode  (mainly f l u c t u a t i n g )  f i e l d  i n  terms of 

components p a r a l l e l  and pe rpend icu la r  t o  t h e  i n s t a n t a n e o u s  common-mode (mainly 

e q u i l i b r i u m )  f i e l d ,  v i z :  

(Note t h a t  t h e  " p a r a l l e l "  and "perpendicular"  c o o r d i n a t e  axes  are  c o n s t a n t l y  
s h i f t i n g  w i t h  t h e  o r i e n t a t i o n  of B(O) i n  t h e  e-+ su r face . )  We wish t o  s t u d y  t h e  

p o l a r i z a t i o n  r a t i o ,  i .e. ,  Bg(l) /Bl( l ) .  T o  exclude t h e  e f f e c t s  of slow o f f s e t s ,  
t h e  r a t i o  w i l l  a c t u a l l y  be determined i n  term of t h e  d e r i v a t i v e s ,  i .e. ,  

ifl)/ill); t h e  two d e f i n i t i o n s  co inc ide  f o r  a s i n g l e  f requency mode. A turbu-  

kWork performed under t h e  a u s p i c e s  of t h e  U.S. 

+ 

DOE. 
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l e n c e  weight ing f a c t o r  [6I1)l2 i s  used, s o  t h a t  f o r  any g iven  d i s c h a r g e ,  we 
c a l c u l a t e  

The ave rag ing  time T is  a 50 us i n t e r v a l ,  c e n t e r e d  a t  peak 0 ,  d u r i n g  which bo th  
8 and F are  s e n s i b l y  cons t an t .  

The p o l a r i z a t i o n  r a t i o  ( a c t u a l l y ,  minus t h e  r a t i o )  i s  shown i n  Fig.  1 f o r  a 
group of 20 mtorr  d i s c h a r g e s  wi th  peak 1 between 300 and 500 kA. The a b s c i s s a  

i s  F/8 ( a t  peak 0 ) .  The f i r s t  s i g n i f i c a n t  f e a t u r e  i s  t h a t  a l l  (bu t  one) of t h e  
4 

d i s c h a r g e s  have n e g a t i v e  r a t i o  B U  ill). It can be shown by simple arguments 

t h a t  t h i s  i s  a p r o p e r t y  which would be  expected of magnetic f l u c t u a t i o n s  a r i s i n g  

from k B = 0 s i n g u l a r  l a y e r s  i n  t h e  pinch. That i s ,  t h e  expe r imen ta l  

p o l a r i z a t i o n  i s  c o n s i s t e n t  w i t h  r e sonan t  (k B = 0 )  phenomena, whereas t h e  
o p p o s i t e  p o l a r i z a t i o n  ( i . e . ,  p o s i t i v e  ;u(') /;(')) 1 would not be c o n s i s t e n t .  

+ +  
+ +  

The second s i g n i f i c a n t  f e a t u r e  of t h e  d a t a  i n  Fig. 1 is  t h e  t r e n d  toward 
more p a r a l l e l  f l u c t u a t i o n s  a t  deeper  reversal ( l e f t w a r d  on a b s c i s s a ) .  To in -  

v e s t i g a t e  t h i s ,  we have cons ide red  t h e  e f f e c t  of a s i n g l e  s i n g u l a r  l a y e r  mode 
f o r  t h 5  case-  of a Bessel f u n c t i o n  equ i l ib r ium.  The mode h a s  wavevector 

k ( z  k 4 + ! 0 )  such t h a t  k B = 0 a t  r = r*. The computed p o l a r i z a t i o n  r a t i o s  

f o r  a s i n g l e  mode ( i n  t h e  Ressel f u n c t i o n  e q u i l i b r i u m  model) a r e  shown i n  F i g .  2 
f o r  t h r e e  s i n g u l a r  l a y e r  l o c a t i o n s  r*. Comparison w i t h  Fig.  1 shows t h a t  t h e  

expe r imen ta l  d a t a  would be c o n s i s t e n t  w i t h  s i n g u l a r  l a y e r s  (k  B = 0 )  i n  t h e  

-- o u t e r  h a l f  of t h e  pinch,  i.e., 

+ + +  
4 r  

+ +  

1 - rw < rgXp< rw 2 

LOCATION OF ELECTRON DENSITY FLUCTUATIONS 

The chord-averaged e l e c t r o n  d e n s i t y  i s  measured s imul t aneous ly  along seven 

ve r t i ca l  p a t h s ,  shown i n  Fig .  3. The d a t a  can be d i f f e r e n t i a t e d  i n  time t o  g i v e  

ne along each chord. The root-mean-square v a l u e s  ( i n  t ime)  of t h e s e  chord- 
averaged ne's g i v e  an i n d i c a t i o n  of t h e  s p a t i a l  d i s t r i b u t i o n  ( i n  o f f s e t  major 
r a d i u s ,  F igu re  4 shows such d a t a  averaged over  30 

i d e n t i c a l  s t a b i l i z e d  pinch d i scha rges  a t  20 mtorr  (D?) and I = 400 kA. 100 

us ave rag ing  p e r i o d  i s  c e n t e r e d  around peak c u r r e n t ,  a t  which time t h e  t o r o i d a l  
f i e l d  a t  t h e  w a l l  i s  ( p o s i t i v e )  1 kG. The chord-averaged f l u c t u a t i o n s  are 

. 
* 

R - Ro) of t h e  f l u c t u a t i o n s .  
The 
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Fig. 1 Fig.  2 
Experimental  p o l a r i z a t i o n  r a t i o s  as a P o l a r i z a t i o n  r a t i o s  f o r  a s i n g l e  
f l u c t u a t i n g  mode f o r  t h e  case of func- Bessel f u n c t i o n  equ i l ib r ium.  
t i o n  of F/B (= R /Be a t  w a l l ) .  Each 
d a t a  p o i n t  is a g e p a r a t e  d i s c h a r g e ,  
d u r i n g  50 us cen te red  around peak 0 .  

peaked toward t h e  o u t s i d e ;  dn/dt  is twice as  l a r g e  a t  R - Ro = 16.4 cm as  a t  

R - Ro = 0.5 cm.  The d e n s i t y  p r o f i l e s  (no t  shown), on t h e  o t h e r  hand, do no t  
peak a t  t h e  edge, b u t  are ,  i n s t e a d ,  f l a t  t o  w i t h i n  10%. Thus, t h e  f l u c t u a t i o n  
leve l  in terms of 6n/n is probably h i g h e r  toward t h e  edge. f l u c t u a t i o n s  

a re  i s o t r o p i c ,  t h e  p r o f i l e  of average ne i n  Fig.  4 would Abel t r ans fo rm i n t o  a 

p r o f i l e  even more s t r o n g l y  edge-peaked i n  minor r a d i u s .  However, t h e  i s o t r o p y  

If t h e  
0 

7 2  



LOCATION OF CHaRDS FOR I n ,  d l  MEASUREMENT5 
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k - 4 0 c m 4  

k- 114 cm 
I 

Fig.  3 
Arrangement of t h e  3 . 3 9  Dm i n t e r f e r o m e t e r  chords  f o r  e l e c t r o n  d e n s i t y  
measurements 

of t h e  f l u c t u a t i o n s  i s  unknown, so Abel i n v e r s i o n  of t h e  major r a d i u s  p r o f i l e s  

would no t  be  s t r i c t l y  j u s t i f i e d .  

The same shot-,  chord-, and time-averaged d a t a  are shown i n  Fig.  5 f o r  14 
s e l f - r e v e r s i n g  p inch  d i scha rges  a t  5 mtor r  (D2). The edge-to-center f l u c t u a t i o n  

r a t i o  i s  now about  3. The (hol low) d e n s i t y  p r o f i l e s  (not  shown) are on ly  about  

h a l f  as edge-peaked; t h u s  t h e  f l u c t u a t i o n  level  6n/n i s  a g a i n  probably h ighe r  
toward t h e  edge. 
CONCLUSIONS 

E x t e r n a l  measurements of magnetic f l u c t u a t i o n s  i n d i c a t e  cons i s t ency  wi th  
k 6 B = 0 s i n g u l a r  l a y e r  e f f e c t s .  Comparison wi th  a Bessel f u n c t i o n  equ i l ib r ium 
i m p l i e s  t h a t  t h e  k B = 0 l a y e r s  would l i e  i n  t h e  o u t e r  h a l f  of t h e  pinch. 

+ +  
+ +  

Chord-averaged d e n s i t y  measurements i n d i c a t e  edge-peaking of t h e  d e n s i t y  
f l u c t u a t i o n s .  The c r i t e r i a  f o r  v a l i d  Abel i n v e r s i o n  are no t  m e t ;  none the le s s ,  

t h e  p r o f i l e s  ( i n  major r a d i u s )  of chord-averaged ne are c o n s i s t e n t  w i th  t h e  
d e n s i t y  f l u c t u a t i o n s  be ing  peaked on t h e  o u t s i d e  i n  minor r a d i u s .  

0 
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RMS d n / d t  100 t 200 ps 
#l180- # 1209 AVERAGED TOGETHER 

20 mTorr 
4 F E E D P L A T E  

(E+)= 2.7 kG 
= 7.0 kV ' 9 BANK 

R -  R, (cm)  

R M S  d n / d t  I20 < t < 220 ps 

(NO DATA ON #1228, #I2341 
4FEEDPLATE 5 mTorr 

(B+) = 1.65 kG 

#1225-#1240 AVERAGED TOGETHER 

= 8.0 k V  
"4BANK 

e 

01 I I I I - 20 -10 0 I O  20 

R - Ro (cm) 

Fig. 4 Fig.  S 
Chord-, shot-,  and time-averaged Chord-, shot-,  and time-a-Jetaged 
A c  :is n f u n c t i o n  of o f f s e t  a s  a f u n c t i o n  of o f f s e t  
innjor r a d i u s  f o r  t h i r t y  i d e n t i c a l  
s t a h i l i z e d  p i n c h  d i scha rges .  s e l f - r e v e r s i n g  d i scha rges .  

major r a d i u s  f o r  f o u r t e e n  i d e n t i c a l  
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PROGRESS ON RFP STABILJTY PXOBLEMS SINCE THE PADUA WORKSIIOP 

D C Robinson 
Culham Laboratory,  Abingdon, Oxon, OX14 3 D D ,  OK 

(Euratom/UKAEA Fusion Associat ion)  

Both l i n e a r  and non-l inear  s t a b i l i t y  problems a s soc ia t ed  wi th  c y l i n d r i c a l  

RFP e q d i l i b r i a  have been inves t iga t ed .  

I R e s i s t i v e  i n s t a b i l i t y  growth when Rw-Rp/Rw > 0.04 and B # 0 has  been 

i n v e s t i g a t e d  (Rw i s  t h e  conducting w a l l  r a d i u s  and Rp t h e  vacuum edge of t h e  

plasma).  

mode s t a b l e  wi.th a vacuum region  of up t o  4% of the rad ius .  

c a l c u l a t i o n s  have e s t a b l i s h e d  t h a t  a 10% vacuum region  g i v e s  rise t o  modes wi th  

growth times of % 1/10 t h e  f i e l d  diffusion tine a t  modest va lues  of S (4 .10  1 
and a t  high 0 (%2) if t h e  va lue  of B i s  zero. I f  t h e  c e n t r a l  B value  reaches 

5% then  only  a 5 %  vacuum region  is accep tab le .  

A '  c a l c u l a t i o n s  show t h a t  both t h e  RFP and spheromak can be t e a r i n g  

The growth r a t e  

3 

We have a lso s t u d i e d  t e a r i n g  modc s t a b l e  tokamak conf igu ra t ions  a t  low 
q ( s 2 )  and f i n d  i n  this case t h a t  Rw-Rp/Rw < 0.4 is  acceptab le .  

11 I I1 As descr ibed  a t  t he  Oxford Confexence , t e a r i n g  mode s t a b i l i t y  

arid t h e  s t a b i l i s i n g  in f luence  of p a r a l l e l  v i s c o s i t y  on the  r e s i s t i v e  ' g '  rnode 

demands s p c c i f i c  paxal3.el and perpendicular  c u r r e n t  d i s t r i b u t i o n s  g iv ing  f3 % 10% 

f o r  t he  KFP and Q 5% f o r  t h e  spheromak. Density g r a d i e n t s  apparent ly  g ive  

rise t o  no co1. l is ional  d r i f t  modes b u t  temperature  g r a d i e n t  e f f e c t s  have no t  y e t  

been i n v e s t i g a t e d .  

- 

I11 Many " r e s i s t i v e  ' g '  modes" on d i f f e r e n t  r a t i o n a l  s u r f a c e s  have been i d e n t i f i e d  

i n  t h e  Culham Levi t ron  wi th  T 

p r e s e n t .  Tne Iilodc.s are observccl c n l y  whcrc Op < 0. The modes are thought. t o  he  

e l e c t r o s t a t i c  ( B  < m / m . )  ion  temperature  g r a d i e n t  'g' modes g iv ing  r ise t o  

enhanced c l a s s i c a l  d i f f u s i o n .  Our f l u i d  s imula t ion  (Levi t ron Note 111) of these  

plasniiis show t h a t  t.hc ' g '  mode which bedev i l s  the RFP is s t a b l e  i n  the  Levi t ron 

f o r  B ( 0 )  < 0.4% and S M 5 x I O 3  ( t h e  va luc  of shear  and S as i n  experimcnt) . 

12 -3  
Q 10 e V ,  ne ?, 10 c m  and no p a r a l l e l  c u r r e n t  e 

e 1  
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I V  Numerical c a l c u l a t i o n s  of t h e  non- l inear  'g' mode showed t h a t  the mode 

f a i l e d  t o  s a t u r a t e .  

hydromagnet ic  domain or t h a t  it destabil ised t h e  t e a r i n g  mode. 

c o n s i d e r a t i o n s  s u g g e s t  c o n v e c t i v e  s a t u r a t i o n  a t  l o w  8 or  magnet ic  i s l a n d  form- 

a t i o n  and s a t u r a t i o n  i f  t h e  c u r r e n t  d i s t r i b u t i o n  i s  t e a r i n g  mode s tab le  a t  h i g h  

6.  Our own c a l c u l a t i o n s  o n  t h e  m=O non- l inear  'g '  u s i n g  t h e  code INSTAB do 

indicate  s a t u r a t i o n .  

t h a t  used by Waddell e t  a1 . 

I t  is n o t  y e t  clear whether  t h e  mode was too close to  the 

Simple a n a l y t i c  

The e q u a t i o n s  a r e  s o l v e d  u s i n g  a n  AD1 scheme similar t o  
[ 21 

The program i s  r u n  by pr iming  from t h e  l i n e a r  code RIPIA. For  t h e  

i n i t i a l  r u n s  t h e  P i t c h  and P r e s s u r e  model e q u i l i b r i u m  i n c l u d i n g  a vacuum 

edge  h a s  b e e n  used.  

and beyond t h e  s i n g u l a r  s u r f a c e  and is t h e n  t a k e n  g r a d u a l l y  t o  z e r o  a t  t h e  

w a l l  (C1 .c 1/8 i s  t h e  Suydam i n t e r c h a n g e  s t a b i l i t y  c r i t e r i o n ) .  So far t w o  

f u l l  non- l inear  r u n s  have been completed.  These were conducted for  a magnet ic  

Reynolds nurnber, S =lo00 and KZ = 0.4 one  b e i n g  w i t h  C1=0.1 and t h e  o t h e r  

w i t h  C1= 0.05. Both grow w i t h  t h e  l i n e a r  growth r a t e  u n t i l  t h e  i s land  width  

approaches  t h e  r e s i s t i v e  l a y e r  t h i c k n e s s .  Marked non- l inear  behaviour  t h e n  

b e g i n s  t o  o c c u r I  w i t h  t h e  growth of t h e  f i e l d s  and v e l o c i t i e s  go ing  almost to  
z e r o  n e a r  t h e  0-pt b u t  c o n t i n u i n g  near  t h e  X-pt a t  l e v e l  somewhat less t h a n  t h e  

l i n e a r  growth rate.  

For t h i s  model t h e  Suydam Parameter C1 is c o n s t a n t  up to  

I t  i s  c o n s i d e r e d  t h a t  the r e d u c t i o n  i n  growth ra te  i s  due  t o  a non- l inear  

decrease i n  p r e s s u r e  g r a d i e n t .  

a lso o c c u r s  as  i n  the Ruther ford  t e a r i n g  mode s a t u r a t i o n  mechanism. 

A f l a t t e n i n g  i n  t h e  J8 c u r r e n t  g r a d i e n t  

A t  reduced f3 b o t h  Livermore a d  Culhsm c a l c u l a t i o n s  i n d i c a t e  s a t u r a t i o n I  

when i s l a n d  width i s  comparable w i t h  r e s i s t i v e  l a y e r  t h i c k n e s s .  

Hence 4 = < */3 
bB -X - a s  B 

provided t h e  plasma is t e a r i n g  mode s tab le .  
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I f  t h e  sa tura t ion  was p u r e l y  c o n v e c t i v e  t h e n  r e s u l t a n t  d i f f u s i o n  i s  a 
factor t imes c lass ical .  

l i n e s  i n  h igh  s h e a r  systems and non s e l f - c o n s i s t e n t  t h e o r y  of t h i s  t r a n s p o r t  

problem e x i s t s  f o r  f3 # 0. 

However i s l a n d  s a t u r a t i o n  l e a d s  t o  e r g o d i c  f i e l d  

V Plasma rotat ion or e l e c t r o n  f l u i d  motion a t  the d iamagnet ic  d r i f t  f requency 

can  make a r e s i s t i v e  l i n e r  appear  as a conduct ing s h e l l  t o  t e a r i n g  and idea!. MHD 

modes. 

This problem h a s  been i n v e s t i g a t e d  a n a l y t i c a l l y  and w i t h  a new v e r s i o n  of 

t h e  code RIP4A. Though s t a b i l i t y  can be achieved  i n  this way new i n s t a b i l i t i e s  

are also produced.  

this h a s  been found t o  be t h e  case even though t h e  l i n e r  ( t h e  o n l y  s h e l l )  h a s  a 

vacuum f i e l d  p e n e t r a t i o n  t i m e  of 7ps. 

for such cases. These r e s u l t s  i n d i c a t e  t h a t  a f u l l  conduct ing s h e l l  may be 

unnecessary  for t h e  RFP. 

For  c e r t a i n  modes and c u r r e n t  p r o f i l e s  on t h e  TOSCA d e v i c e  

A d i s p e r s i o n  r e l a t i o n  h a s  been o b t a i n e d  

V I  

magnet ic  i s l a n d s  f o r  q < 1 and > 1. 

g i v e s  l a r g e  e r g o d i c  r e g i o n s .  

r e g i o n s  for i s l a n d s  which n e a r l y  touch .  The Grad-Shafranov e q u a t i o n  is s o l v e d  

for 2D free boundary e q u i l i b r i a  and small h e l i c a l  p e r t u r b a t i o n s  superposed ,  t o  

obtain approximate magnet ic  s u r f a c e s .  F i g u r e  1 shows t h e  r e s u l t s  o b t a i n e d  f o r  a 

tokamak e l l i p t i c  e q u i l i b r i u m  w i t h  t w o  modes p r e s e n t .  The ' d e s t a b i l i s i n g '  n a t u r e  

of h i g h  s h e a r  a n d  h i g h  13 h a s  been demonst ra ted .  S i m i l a r  c a l c u l a t i o n s  are 

underway for  RFP e q u i l i b r i a .  

3D f i e l d  l i n e  t r a c i n g  c a l c u l a t i o n s  are b e i n g  used to  s t u d y  e r g o d i c i t y  and  

A s i n g l e  mode w i t h  b,/Bo 1% and R/a 2, 3 

Two modes w i t h  b r / R e  < 1% produce l a r g e  e r g o d i c  

REFERENCES 
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Fig. 1 

Calculated magnetic surfaces for an elliptical plasma w i t h  I = 10 k ~ ,  
Is = 3 .4  k A ,  8, = 0.5, q(a)  % 3 . 3 ,  q ( O 1  % 1.1, I 

Significant ergodisation has not occurred in this case. 

= lkA, 1'' = 0.5 kA. 
3/2 2/ 1 
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THE K I N K  TEARING MODE I N  THE REVERSED FIELD P I N C H  

Rostom Y. Dagazian 
Los Alamos S c i e n t i f i c  Labora tory  

Los Alamos, New Mexico 87545 

INTRODUCTION 

I n  t h i s  work, I examine t h e  k i n k - t e a r i n g  s t a b i l i t y  of a c y l i n d r i c a l  

e q u i l i b r i u m  model, which a l though more complicated than  t h e  Bessel f u n c t i o n  

mode1,l (BFM) s t i l l  o f f e r s  i t s e l f  t o  a n a l y t i c  t rea tment .  The i n t r o d u c t i o n  of 

extra  compl ica t ion  l e a d s  t o  a n a l y t i c  p r o f i l e s  t h a t  can match more c l o s e l y  t h e  

e x p e r i m e n t a l  d a t a e 2  The model c o n s i s t s  of t h r e e  r e g i o n s ,  a)  a c e n t r a l  

tokamak-like c o r e  of c o n s t a n t  l o n g i t u d i n a l  c u r r e n t  d e n s i t y  and magnetic f i e l d ,  

b )  a f o r c e - f r e e  r e g i o n  i n  which t h e  p r e s s u r e  is c o n s t a n t  and t h e  f i e l d s  a r e  

d e s c r i b e d  by t h e  BFM, and c) .  a vacuum-like r e g i o n  w i t h  c o n s t a n t  l o n g i t u d i n a l  

b u t  l i n e a r l y  decaying  az imutha l  f i e l d .  

To s tudy  t h e  s t a b i l i t y  of t h i s  c o n f i g u r a t i o n  t o  k ink- tear ing ,  I e s s e n t i a l l y  

f o l l o w  t h e  t r e a t m e n t  of  Refs. 3 and 4. The c e n t r a l  c o r e  is  assumed t o  be much 

d e n s e r  and h o t t e r  t h a n  t h e  o u t e r  regions.  It i s  then  conce ivable  t o  c o n s i d e r  

i n e r t i a l  e f f ec t s  of t h e  bulk of t h e  plasma only i n  t h e  f i r s t  r e g i o n  and n e g l e c t  

them f a r  from resonant  ( k * B ( O )  = 0) s u r f a c e s  i n  t h e  o u t e r  reg ions .  In t h i s  

manner, t h e  p e r f e c t  c o n d u c t i v i t y  MHD e q u a t i o n s  can be s o l v e d  e x a c t l y  in each 

region.  A d i s p e r s i o n  r e l a t i o n  is d e r i v e d  by s e t t i n g  t h e  jump of t h e  l o g a r i t h m i c  

d e r i v a t i v e  A' of t h e  r a d i a l  magnetic p e r t u r b a t i o n  a c r o s s  t h e  resonant  s u r f a c e  

e q u a l  t o  t h a t  d e r i v e d  i n  t h e  l i t e r a t u r e 5  from r e s i s t i v e  l a y e r  theory.  Using, i n  

a d d i t i o n ,  a s imple  form f o r  t h e  c o n d u c t i v i t y  t h a t  i n c l u d e s  e l e c t r o n  i n e r t i a , 3  I 

c a n  s tudy  t h e  t r a n s i t i o n  from a p e r f e c t  c o n d u c t i v i t y  kink t o  t e a r i n g  and t h e n  t o  

c o l l i s i o n l e s s  t e a r i n g  as t h e  tempera ture  of t h e  resonant  l a y e r  is allowed t o  

v a r y  from very  low t o  very  high temperatures .  The p r e s e n t  t r e a t m e n t  admits  

f i n i t e  b e t a  e f f e c t s  through t h e  choice  of t h e  e q u i l i b r i u m  model bu t  i t  is n o t  a t  

all concerned w i t h  p r e s s u r e  d r i v e n  modes. 

11. THE MODEL 

Here I c o n s i d e r  t h e  system of e q u a t i o n s  of res i s t ive  incompress ib le  MHD- I 

assume t h a t  r e s i s t i v i t y  is s m a l l  a l though f i n i t e .  Thus, i t  is impor tan t  on ly  i n  
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t h e  v i c i n i t y  of a s i n g u l a r  (k*B(') = 0) su r face ;  & is  t h e  wavevector of a 

mode and B(') - t h e  equ i l i r i um magnetic f i e l d .  
given 

I cons ide r  t h e  equi l ibr ium t o  comprise regions 1, 2, and 3 def ined  by t h e  

i n t e r n a l s  ( 0 ,  ro);  (ro,  rv);  ( rv ,  rw) respec t ive ly ;  h e r e  ro, rV, and rw are t h e  
r a d i i  of t h e  inne r  core ,  t h e  force- f ree  vacuum i n t e r f a c e ,  and of t h e  p e r f e c t l y  
conduct ing w a l l  r e spec t ive ly .  The equi l ibr lum mangetic f i e l d  (Bi' ) ,  B!')) is 
g iven  as 

i n  each reg ion  r e spec t ive ly .  Here r, 8, z are c y l i n d r i c a l  coord ina tes ,  B b  is 
t h e  azimuthal  magnetic f i e l d  a t  r = 1; d i s t a n c e  is normalized t o  a 
c h a r a c t e r i s t i c  length  a,  and the  Jn are Bessel func t ions  of t h e  f i r s t  kind. 

Taking advantage of t h e  h e l i c a l  symmetry of t h e  modes under cons idera t ion ,  I 
employ h e l i c a l  coord ina tes  r, T E m e  + k,, and assume pe r tu rba t ions  of t h e  form 

f(r)eiT-iwt. I t hen  in t roduce  t h e  h e l i c a l  f l u x  func t ions6  $(r, T), f ( r ,  T), 

g ( r , T )  f o r  t h e  magnetic f i e l d ,  c u r r e n t  dens i ty ,  v e l o c i t y ,  and v o r t i c i t y  
r e spec t ive ly  t o  c a s t  t he  res is t ive incompressible  MHD equa t ions  i n  t h e  form 
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where the tilde denotes perturbed quantities and 

i a r a  1 a2 
r a r h a r  Fm ' h(r) Z m2 + k2r2 A c - - - - + 

I I I SOLUTION ... 
It is now possible to derive a second order differential equation for $(r) 

no:O in each 

I also set w -  0, except 
in each region and solve it exactlye7 To this purpose I have set 

region (except in the vicinity of a singular surface). 

in region 1. ' h o  possibilities exist: 

1. ro<rs<rV. The pertinent solutions can be put into the form 

2- rv rs < rw resonant surface i n  vacuum-like region. Then I write 
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Here the  n o t a t i o n  was adopted 

w h e r e j ,  and are  t h e  Bessel func t ions  o r  modified Bessel func t ions  of t h e  

f i r s t  and second kind, r e s p e c t i v e l y ,  as d iscussed  i n  t h e  text  above. The le t ter  
s u b s c r i p t  on t h e  e igenfunct ion  symbols denote  eva lua t ion  a t  t h e  p a r t i c u l a r  

r a d i u s  i nd ica t ed  by t h a t  subsc r ip t .  - 
Cont inui ty  of JI and i n t e g r a t i o n  of Eqs. (1-4) a c r o s s  i n t e r f a c e s  g ives  jump 

cond i t ions  necessary t o  j o i n  up t h e  s o l u t i o n s  v a l i d  i n  t h e  va r ious  regions.  The 
r a t i o  of t h e  r e s i s t i v e  l a y e r  dens i ty  t o  t h e  inne r  core  dens i ty  p can serve as a 
small parameter t o  keep t h e  resistive l a y e r  width small with respect t o  t h e  s i z e  
of t h e  systeme3 F ina l ly ,  s e t t i n g  t h e  A’ c a l c u l a t e d  f o r  t hese  s o l u t i o n s  ac ross  

r rs  equa l  t o  t h a t  obtained from r e s i s t i v e  theory,  t h e  d e s i r e d  d i spe r s ion  

r e s u l t s .  A ra ther  small computer program h a s  been w r i t t e n  by T. H e w i t t  t o  
s ea rch  f o r  so lu t ions .  

6 
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DISCUSSIONS-RESULTS 
Figure 1 shows a t y p i c a l  s t a b i l i t y  diagram, which w a s  obtained wi th  t h e  a i d  

of t he  present  ana lys i s .  It is seen t h a t  t he  case  ro = . 5 ,  rv - 3 . 5 ,  p = . 5  i s  
uns t ab le  overmost  of t h e  k, rW plane. Only very  t i g h t  aspect r a t i o s  could be 
immune The m = 1 remains uns tab le  even when t h e  w a l l  
p r a c t i c a l l y  touches t h e  plasma edge. 

.I 

t o  gross  modes (A 2 1.5). 

F igure  2 shows t h e  m = 1 growth rate as a func t ion  of k f o r  t h e  same model 
Te - 100 e V ,  rw = 6.0. It is seen t h a t  as t h e  rs + rv, t h e  ca l cu la t ed  growth 

+ r a t e  blows up; i t  tends  t o  zero,  however, when rs + rv. For t h e  po r t ion  of t h e  
vacuum curve t h a t  curves  down and t h e  p a r t  of t h e  force- f ree  curve t h a t  blows up 

t h e  res is t ive l a y e r  width is comparable or l a r g e r  than Ir, - r v ( ;  hence t h e  

theory breaks  down. It is more l i k e l y  t h a t  t h e  curve is smooth through the  
boundary i n  r e a l i t y .  

- 

Figure 3 shows the  temperature dependence of t h e  m .I 2 growth ra te  f o r  

va r ious  values of k. It is seen  t h a t  i n e t a b i l i t y  persists t o  very high 

temperatures (mainly but  not  s o l e l y )  due t o  the  presence of e l e c t r o n  i n e r t i a .  
However, t h e  growth r a t e  is  small as Te approaches t h e  k i l o v o l t  range. 

A s e a r c h  is  under way t o  determine whether kink-tear ing s t a b l e  e q u i l i b r i a  

similar t o  t h e  ones examined by Robinson4 do e x i s t  f o r  t h e  present  model 

resistive marginal s t a b i l i t y  can be ca l cu la t ed  by e s t ima t ing  A'(w = 0). 
Kink-tearing growth rates can be ca l cu la t ed  r e l i a b l y  f o r  a wide range of 

s i t u a t i o n s ;  t h e  theory gene ra l ly  breaks down when (roughly) t h e  product of t he  

resistive l a y e r  width times A' g r e a t l y  exceeds uni ty .  In t h i s  l i m i t  u sua l  

res is t ive t e a r i n g  theory a l s o  breaks down. 
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Figure 1 CI 

Stability diagram.ro = .5, rV = 3.5, p = .5, T, = 100 eV. 
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Figure 2 
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Figure 3 
The temperature dependence of the m = 2 growth rate. Normalization is to 
the Alfven time at r = 1, ne = 1013 ro = .5, rV - 3.5, rw = 6 . 0 .  
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DISPERSION DIFFERENTIAL EQLJATIOY FOR A STRAIGHT VLASOV-FLUID RFP 
WITH SMALL I O N  GYRORADIUS*t 

H e  Ralph Lewis 
Los Alamos S c i e n t i f i c  Labora to ry  

Los Alamos, New Mexico 87545  
P. 0. BOX 1663 

The o b j e c t i v e s  of t h i s  work are t u  u s e  t h e  Vlasov-f luid modell  t o  d e r i v e  a 
d i s p e r s i o n  d i f f e r e n t i a l  e q u a t i o n  which is v a l i d  f o r  r a t h e r  g e n e r a l  e q u i l i b r i u m  
magne t i c  f i e l d  c o n f i g u r a t t o n s ,  and t o  apply t h e  d i s p e r s i o n  d i f f e r e n t i a l  e q u a t i o n  
t o  s t u d y  s t a b i l i t y  and RF h e a t i n g  of  a s t r a i g h t  r e v e r s e d - f i e l d  pinch. For 
d e r i v i n g  t h e  d i s p e r s i o n  d i f f e r e n t i a l  equa t ion ,  a convenient  o p e r a t o r  t echn ique  
h a s  been used t o  s o l v e  t h e  i o n  Vlasov e q u a t i o n  i n  powers of t h e  r a t i o  ( the rma l  
i o n  g y r o r a d i u s ) / ( p l a s m a  r a d i u s ) .  No expansion is made in powers of o/wci, and 
w/wc. is n o t  assumed t o  be small  compared t o  u n i t y .  Also, t h e  p a r a l l e l  
s t r e a m i n g  d e r i v a t i v e  t h a t  o c c u r s  i n  t h e  i o n  Vlasov e q u a t i o n  is t aken  i n t o  
accoun t  i n  lowes t  o r d e r  and is n o t  assumed t o  be small. This s o l u t i o n  of t h e  
Vlasov e q u a t i o n  is a generalization of t h e  method used by Cayton and f o r  
s t u d y i n g  s t a b i l i t y  and RF h e a t i n g  of a sharp-boundary screw p i n c h a 2  In t h e  
p r e s e n t  work, i n  a d d i t i o n  t o  not r e s t r i c t i n g  t h e  s i z e  of w/wci and t h e  p a r a l l e l  
s t r e a m i n g  d e r i v a t i v e ,  t h e  e q u i l i b r i u m  p r o f i l e s  are al lowed t o  be d i f f u s e .  The 
d i s p e r s i o r i  d i f f e r e n t i a l  e q u a t i o n  is o b t a i n e d  by s u b s t i t u t i n g  t h e  approximate 
s o l u t i o n  of t h e  i o n  Vlasov e q u a t i o n  i n t o  t h e  p e r p e n d i c u l a r  component of t h e  
Maxwell y x g  e q u a t i o n  ( t h e  p r e s s u r e  ba l ance  e q u a t i o n )  w i t h o u t  f u r t h e r  
approximation. The f f n a l  form of  t h e  d i s p e r s i o n  d i f f e r e n t i a l  e q u a t i o n  is a n  
e q u a t i o n  for t h e  Lap lace  t r a n s f o r m  of t h e  e l e c t r o n  f l u i d  displacement .  

L e w i s  

I. Genera l  Theory of  t h e  P e r t u r b a t i o n  S o l u t i o n  

We u s e  a conven ien t  g e n e r a l  f o r m l n  fiir the  i t e ra t ive  s o l u t i o n  of the 
L a p l a c e  t r a n s f o r m  of t h e  l i n e a r l z e d  Vlasov e q u a t i o n  in which t h e  z e r o t h  o r d e r  
p a r t  of t h e  e q u i l i b r i m  L i o w i l l e  o p e r a t o r  is - Boil/a$ + i s ,  where 5 is r ea l  and 
independent  of 4 ,  Bo i s  t h e  magnitude of t h e  equil . ibrium magnet ic  f i e l d ,  
s u i t a b l y  s c a l e d ,  and $ is a phase  a n g l e  around t h e  e q u i l i b r i u m  magnet ic  f i e l d  of 
t h e  p e r p e n d i c u l a r  component of t h e  v e l o c i t y  v e c t o r ;  B o  may be  space-dependent. 
We deno te  Lap lace  t r a n s f o r m  by a carat  ( " ) ,  and wri te  t h e  Laplace t r ans fo rm of 
t h e  l i n e a r i z e d  Vlasov e q u a t i o n  as 

*Presen ted  a t  t h e  Reversed F i e l d  P inch  Theory Workshop which was h e l d  a t  t h e  Los 
Alamos S c i e n t i f i c  Labora to ry  A p r i l  28-May 2, 1980. 
b o r k  performed under t h e  a u s p i c e s  of t h e  U. S. Department of Energy. 
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where n is  a n  o r d e r i n g  parameter.  We t a k e  t h e  z e r o t h  o r d e r  o p e r a t o r  R o  t o  be 

where w = u + i y ,  u and y are real, and we assme 

Im w is t aken  t o  b e  p o s i t i v e  d e f i n i t e  because t h e  c o n t o u r  f o r  i n v e r s e  Lap lace  
t r ans fo rms  i s  assumed t o  l i e  :Ln t h e  h a l f  p l a n e  I m  w > 0. If t h e  con tour  i s  
deformed so t h a t  p a r t  of i t  l ies i n  t h e  lower h a l f  p l a n e ,  t hen  t h e  g t o  be used 
i n  computing t h e  i n v e r s e  L a p l a c e  t r a n s f o r m  a l o n e  t h a t  p a r t  is t h e  a n a l y t i c  
c o n t i n u a t i o n  of  t h e  & determined under assumption ( 3 ) .  The sma l l -gy ro rad ius  
p e r t u r b a t i o n  s o l u t i o n  is based on t h e  assumption t h a t  t h e  l o c a l  i o n  
gyrofrequency,  which is r e p r e s e n t e d  by B i s  l a r g e  compared t o  each  of t h e  
f r e q u e n c i e s  which c h a r a c t e r i z e  t h e  a c t i o n  of t h e  o p e r a t o r  R 1  on 8 i n  Eq. (1). 
I n  o r d e r  t o  e n s u r e  t h a t  t h e  magnitude of t h e  o p e r a t o r  R is bounded from below 
by t h e  i o n  gyrofrequency,  we assume t h a t  t h e  imaginary part  of  t h e  con tour  a long  
which t h e  i n v e r s e  L a p l a c e  t r a n s f o r m  is e v a l u a t e d  i s  a t  least  as l a r g e  as  t h e  
maximum value of Bo. 

0 9  

0 

The s o l u t i o n  of Eq. (1) can  be  w r i t t e n  as 

where 
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and 

It may b e  v e r i f i e d  by d i r e c t  s u b s t i t u t i o n  t h a t  t h i s  is a formal  s o l u t i o n  of 
E q -  (1). "he o p e r a t o r  R61 e x i s t s ,  is unique, and can e a s i l y  b e  w r i t t e n  
e x p l i c i t l y .  This  formal  series s o l u t i o n  is used f o r  c a l c u l a t i n g  v e l o c i t y  
moments of g; t h e  u s e f u l n e s s  of t h e  d i s p e r s i o n  d i f f e r e n t i a l  e q u a t i o n  t h a t  is 
d e r i v e d  from i t  must be a s s e s s e d  = p o s t e r i o r i ,  e s p e c i a l l y  i n  t h e  neighborhood of 
resonances.  

11. & L i n e a r i z e d  Equat ions  of t h e  Vlasov-Fluid Model 

The Vlasov-f luid model is a low-frequency model f o r  a n  ion-e lec t ron  plasma 
i n  which t h e  i o n s  a r e  t r e a t e d  as c o l l i s i o n l e s s  and t h e  e l e c t r o n s  are t r e a t e d  as 
a massless, p r e s s u r e l e s s  f l u i d .  The l i n e a r i z e d  e q u a t i o n s  f o r  t h e  model can be 
w r i t t e n  as 

- 
where f o  and f l  are normalized d i s t r i b u t i o n  f u n c t i o n s ,  

and E is t h e  t o t a l  p a r t i c l e  energy. 
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111. S p e c i a l i z a t i o n  t o  a S t r a i g h t  Screw P i n c h  

For  a s t r a i g h t  screw p inch ,  a s p e c i a l  case of which is a s t r a i g h t  
r e v e r s e d - f i e l d  p inch ,  we u s e  v e l o c i t y  v a r i a b l e s  (vl, vu, 0)  d e f i n e d  by 

The o p e r a t o r s  R,, and R i n  Eq. (1)  are  1 

a a 1 a 
ar  avl a +  R1 = vlcos$ - + i rv l s in$  + EOr(cos$ - - - s i n $  -) 

a a 
f ( D  1 1  v sin+ cos$ + D 2 1  v cos@)(vl, - av, - 1 -1 av,, 

+ ( D ~ v ~ ~ c o s ~ +  - D ~ v ~ ~  - D~ v: s i n +  - D v s i n $ )  - a , 
4 1  a $  

where 

m A  .) 

K = - bg + kb, , 
r 

m A  
r 

T = -  b, - k c o  , 

9 1  



i; 
D p  P - ,  

r 

I 

The remainder  of t h e  d e r i v a t i o n  of t h e  d i s p e r s i o n  d i f f e r e n t i a l  e q u a t i o n  i s  
s t r a i g h t f o r w a r d  and i n  p rogres s .  The r e s u l t ,  which will be a p p l i e d  t o  a 
s t r a i g h t  r e v e r s e d - f i e l d  p inch ,  will be  a n  e q u a t i o n  f o r  t h e  e l e c t r o n  f l u i d  
d i sp lacemen t  t h a t  w i l l  p r o v i d e  f i n i t e  i o n  g y r o r a d i u s  c o r r e c t i o n s  t o  t h e  
p r e d i c t i o n s  of t h e  g u i d i n g  c e n t e r  model. 

R e f e r e n c e s  

J. P. Fre idbe rg ,  Phys. F l u i d s  U ,  1102 (1972). 1 
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Low-Frequency Microinstabilities in Cylindrically Symmetric Systems 

with Arbitrary B and Strong Magnetic Shear 

Ralph Linsker 

Plasma Physics Laboratory, Princeton University 

Princeton, NJ 08544 

The microstability analysis of low-frequency modes (w << nCi) in 
magnetically sheared systems with arbitrary $ I s  of particular relevance to 

reversed-field pinch theory. I shall discuss a method for the practical 

calculation of  such modes in cylindrical geometry, with particular attention 

to the strongly sheared case. I will also show that i n  the electrostatic 

sheared-slab limit, some recent integral-equation analyses gives incorrect 

results for the drift eigenmode when the shear and density gradient scale 

lengths are comparable (Ls - Ln). 
The modes I will consider are radially localized (mode width system 

size). 

gradient, parallel electron current, ion and electron temperature gradients, 

and $ .  I consider the collisionless limit. Because I assume cylindrical 

symmetry, there are no trapped-particle or other toroidal effects in this 

model. 

equilibrium gradient scale lengths) - O(E) << 1 ,  a/Rci 

The unperturbed state may have an arbitrary pitch profile, density 

I impose the ordering: (ion gyroradius p )/(system size and all i 

O(E) , and 
k,Pi ... O ( 1 ) .  

The method of solution is as follows: I consider electromagnetic per- 
+ 

turbations ($,A) 4 exp[i(kz+R8-wt)], choose the gauge to eliminate A, ,  

solve the linearized Vlasov equation f o r  the perturbed ion and electron 

distribution functions, and invoke quasineutrality and the parallel and 
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perpendicular components of Ampere's law to obtain three integral equations 

relating $(r), A,,(r), and Al(r). 

and 91,L in radial-wavenumber space, and obtain a matrix equation ( L V m O )  of 

order 6N relating the Fourier components @(+kr(n)], 4, L[+kr(n)], where n i l  

to 11 labels the discretized radial wavenumber. (V collectively represents 

these 6N components.) 

have definite parities and the matrix order reduces to 3N. The matrix L is 

I discretize the Fourier transforms of Q 

n n 

9 

91 ,A In the absence of parallel electron current, t$ and 

a complicated function of w . I solve numerically the eigenvalue problem 

LV = XV , then seek an w such that X(w) = 0 with a corresponding eigenvector 

V that is physically meaningful (<.e. ,  not an artifact of the discretization 

process nor of the imposed periodic boundary conditions). I then study the 

dependence of w upon k, - , L,/Ln, Te/Ti, Ln/LTe,i, the parallel electron 

current velocity, the pitch profile, and R .  

There are several points of departure from previous work. Because the 

case Ls - Ln (with Te-Ti) is of interest, ion Landau damping occurs within 
several ion gyroradii of the mode-rational surface. Therefore, the frequently- 

used differential formalism ( e . g . ,  $"+Q(x,w)+ = 0 for the electrostatic slab 

case) is inapplicable. Higher derivatives of 

and an integral-equation approach is appropriate. 

and E, , ,& must be retained, 

1 There has been recent work concerning an integral formalism for electro- 

static drift waves on a sheared slab. 

Ls - L,, however, an incorrect solution for the eigenmode is obtained. 

If one applies this work to the case 

The 

problem is that one conventionally takes the ion resonant denominator (in the 

perturbed distribution function f 

for a sheared slab, and x is the distance from the mode-rational surface. 

) t o  be [k,l(x)vll - w ] ,  where kll(x) kLx/L, l i  

But an accurate calculation of the particle o r b i t  gives for this denominator 
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- = x + v1 cos a/nci , The in t eg ra t ion  of f l i  over [k,, (xGnC,)v , ,  - wl where x 

v e l o c i t y  space i s  s u b s t a n t i a l l y  complicated by t h i s  ex t ra  term. It is, how- 

eve r ,  p o s s i b l e  t o  do t h e  i n t e g r a t i o n  a n a l y t i c a l l y ;  t he  r e s u l t  is t h a t  a term 

G.C.  

( i n  n l i )  

rliZ ( s i )  1 exp (-b) Io (b) exp(ikrx)6(kr)dkr  , (1) 

2 2  2 where Pi(k,+kr),  Ti  = (w/Ji'v,,)(lLs/k,xl), and Io is a Bessel func t ion)  

i s  rep laced  by 

where b,  - pi(k,+ 2 2  l/2kr+ 2 l/2kL2), b = pi[  2 (k ,+kr) (k ,+kr  2 
2 2 1 2  11 'h , and C i  ( d f i V T I )  2 

X (  ILs/kLx' 1 ) .  This change s u b s t a n t i a l l y  a l t e r s  t he  eigenmode shape w i t h i n  a 

d i s t a n c e  - P i  of t h e  mode-rational su r f ace ,  which i s  s i g n i f i c a n t  when L, - L, 

and Te For the  

cases s tud ied  thus  f a r  (k,pifi - - l), the  eigenvalue ( w / t ~ ~ * ~ )  i s  only changed by 

S0.02 even f o r  L,/L, - 3 .  

Ti ( i . e . ,  when t h e  r a d i a l  mode width is - seve ra l  t imes pi). 

Another f e a t u r e  of t h e  p r e s e n t  work i s  t h e  f u l l  i nco rpora t ion  of e l e c t r o -  

magnetic e f f e c t s ,  One is t h e r e f o r e  not  l imi t ed  t o  B CC 1,  a s  are t rea tments  

t h a t  neg lec t  t h e  pe r tu rbed  A ,  , 

A pre l iminary  r e s u l t  ( f o r  t h e  e l e c t r o s t a t i c  l i m i t )  is t h a t  for s t rong  

- 

shear  (Ls/L, - 6 )  and T, - T i ,  e l e c t r o s t a t i c  d r i f t  waves are  s t r o n g l y  s t a b i -  

l i z e d  f o r  t h e  k L ( - l / p i f i )  t h a t  have been i n v e s t i g a t e d ;  and t h a t  t h e  damping 

rate is very  i n s e n s i t i v e  t o  ion  temperature  g r a d i e n t ,  p i t c h ,  and moderate 

e l e c t r o n  c u r r e n t  v e l o c i t i e s  u c .  

d r i f t  mode u n s t a b l e  f o r  Ls/Ln = 6 .  

'h One r e q u i r e s  uc 2 (Te/2me) t o  d r i v e  the  

Such a h z g e  uc is compatible  w i t h  
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Ampere's law only at such low densities that B - electron gyroradius/system 
size. 

Some applications of the method developed here include the study of 

electromagnetic corrections to these drift-wave results; the calculation Of 

Alfven mode stability at arbitrary 6 , and of corrections to the Suydam 
criterion when k,pi is nonzero; and the study of the general question of the 

stability of current- and temperature-gradient-driven low-frequency modes for 

arbitrary B and cylindrically-symmetric magnetic configurations. The bulk 

of the electromagnetic mode for the method described has been implemented and 

is currently being tested. 

The investigation of drift instabilities in the RFP configuration was 

suggested t o  me by Dr. F.W. Perkins. I would like to thank Drs, Perkins, 

A .  Boozer, and G. Rewoldt f o r  advice and useful discussions. 
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THE N O N L I N E A R  EVOLUTION OF R E S I S T I V E  I N T E R C H A N G E  MODES I N  
REVERSED FIELD PINCHES* -- D.D. S c h n a c k  and  J .  K i l f e e n ,  N a t i o n a l  
MFE Computer  C e n t e r ,  Lawrence  L i v e r m o r e  L a b o r a t o r y ,  L i v e r m o r e ,  
Ca. 94550  

1. I N T R O D U C T I O N  

The  l i n e a r  s t a b i l i t y  o f  c y l i n d r i c a l  R e v e r s e d  F i e l d  P i n c h  
c o n f i g u r a t i o n s  i s  w e l l  known [l]. I t  h a s ' b e e n  f o u n d  t h a t  w h i l e  
s t a b i l i t y  a g a i n s t  i d e a l  MHD modes c a n  b e  a c h i e v e d ,  s u c h  
e q u i l i b r i a  may b e  s u s c e p t a b l e  t o  r e s i s t i v e  i n s t a b i l i t i e s  [ 2 ] .  
R e c e n t l y ,  a n a l y t i c  e q u i l i b r i a  h a v e  b e e n  d i s c o v e r e d  wh ich  a r e  n o t  
o n l y  s t a b l e  a g a i n s t  t e a r i n g  modes a t  z e r o - @ ,  b u t  w h i c h  a l s o  
s a t i s f y  t h e  Suydam c r i t e r i o n  f o r  v a l u e s  o f  c e n t r a l  @ u p  t o  18% 
[ 3 1 .  T h i s  i s  a c h i e v e d  by  j u d i c i o u s l y  e x p a n d i n g  t h e  p i t c h  
p ( r ) = r B Z / B e  a s  a power s e r i e s  i n  r w h i c h  a p p r o x i m a t e s  t h e  w e l l  
known Bessel f u n c t i o n  model  (BFM) n e a r  t h e  a x i s .  U n f o r t u n a t e l y ,  
t h e s e  e q u i l i b r i a  h a v e  b e e n  f o u n d  t o  be u n s t a b l e  t o  s low r e s i s t i v e  
i n t e r c h a n g e  modes [ 4 ] .  T h e s e  modes a r e  d r i v e n  by t h e  l o c a l  

g r a d i e n t  a t  t h e  s i n g u l a r  s u r f a c e  and  h a v e  a g r o w t h  r a t e  
tr,e%ufr3t,-2/3 , a s  compared  w i t h  t e a r i n g  modes wh ich  a r e  d r i v e n  

e l d  away f r o m  t h e  s i n g u l a r  
Of t h e  8/5 . I f  t h e s e  modes a r e  

by t h e  g r o s s  c o n f i g u r a t i o n  
s u r f a c e ,  and  w h i c h  g r o w  a s  t R - 2 / 5  tu- 
d a n g e r o u s  n o n l i n e a r l y ,  t h e y  may l i m i t  t h e  a t t a i n a b l e  v a l u e s  o f  @ .  

I n  t h i s  p a p e r  we p r e s e n t  t h e  r e s u l t s  o f  t h e  a p p l i c a t i o n  of  a 
two d i m e n s i o n a l  r e s i s t i v e  MHD c o m p u t e r  c o d e  [SI t o  t h e  n o n l i n e a r  
e v o l u t i o n  o f  r e s i s t i v e  i n t e r c h a n g e  modes i n  t e a r i n g - m o d e - s t a b l e  
RFP e q u i l i b r i a  [ 3 ] .  We f i n d  t h a t  t h e  m = l  mode is i n s i g n i f i c a n t  
when t h e  s i n g u l a r  s u r f a c e  is  o u t s i d e  t h e  f i e l d  r e v e r s a l  p o i n t ,  
and  is more a c t i v e  n o n l i n e a r l y  b u t  s t i l l  f a i r l y  l o c a l i z e d  when 
t h e  s i n g u l a r  s u r f a c e  l i e s  i n  t h e  i n n e r  r e g i o n s  of  t h e  p l a s m a .  
The m=O mode, w h i c h  is  n o t  p r e s e n t  i n  t o k a m a k s ,  i s  f o u n d  t o  l e a d  
t o  h i g h l y  d i s t o r t e d  f l u x  s u r f a c e s  and  i n t e r c h a n g e  v o r t i c e s  o f  
l a r g e  r a d i a l  e x t e n t  when f3 i s  n e a r  t h e  Suydam m a r g i n a l  p o i n t .  
However ,  i f  t h e  i n i t i a l  i s  s u f f i c i e n t l y  s m a l l ,  t h i s  mode 
r e m a i n s  l o c a l i z e d  a l l o w i n g  s i g n i f i c a n t  Ohmic h e a t i n g  o f  t h e  p i n c h  
t o  occur .  

2. E Q U I L I B R I U M  A N D  COMPUTATIONAL MODEL 

I n  c y l i n d r i c a l  g e o m e t r y ,  t h e  c o n d i t i o n  f o r  m a g n e t o s t a t i c  
e q u i l i b r i u m  c a n  b e  w r i t t e n  i n  terms o f  t h e  p i t c h  f u n c t i o n  
p (  r )=rBz/Be a s  

u / r  - p1-1' + ru 

d r=  Be p2 + r2 

2 ' 2  
C, dBe 

*Work p e r f o r m e d  u n d e r  t h e  a u s p i c e s  of  t h e  U.S. D e p a r t m e n t  o f  Ene rgy  
b y  t h e  Lawrence  L i v e r m o r e  L a b o r a t o r y  u n d e r  c o n t r a c t  number 
W-7405-ENG-48. 
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2 w h e r e  C1=-p' ( p / u ' )  2 / 2 r B z t  and  p r i m e s  d e n o t e  d i f f e r e n t i a t i o n  w i t h  
r e s p e c t  t o  r .  S p e c i f i c  e q u i l i b r i a  a r e  f o u n d  by  g i v i n g  t h e  
c o n s t a n t  C1 and t h e  f u n c t i o n  p ( r ) .  Note t h a t  f o r  C 1 < l / 8  t h e  
c o n f i g u r a t i o n  is s t a b l e  t o  Suydam modes. S t a b i l i t y  a g a i n s t  
n o n - l o c a l i z e d  i d e a l  MHD modes  is  o b t a i n e d  b y  e i t h e r  r e q u i r i n g  
t h a t  t h e  p i t c h  l e n g t h  o f  t h e  m a g n e t i c  f i e l d  l i n e s  27rp be g r e a t e r  
t h a n  t h e  a x i a l  wave number o f  t h e  p e r t u r b r a t i o n ,  and  y341 ' /2>0  on 
a x i s  ( a s  i s  t h e  c a s e  f o r  t okamaks ) ,  o r  t h a t  p ( r )  b e  a 
m o n o t o n i c a l l y  d e c r e a s i n g  f u n c t i o n  of  r a d i u s  w h i c h  c h a n g e s  s i g n  
i n s i d e  t h e  p l a s m a ,  and  wh ich  s a t i s f i e s  y<-4/9 ( a s  is t h e  c a s e  f o r  
t h e  RFP)[l]. 

I n  t h i s  work w e  t a k e  [ 3 1  
2 4 6 8 p ( r )  = 2 (1 - r /8 - r / A  - r / a  - r /E  - ...) 

w h e r e  A , a ,  and  E a r e  c o n s t a n t s .  The m o t i v a t i o n  f o r  t h i s  c h o i c e  
i s  t o  o b t a i n  a f u n c t i o n  u ( r ) = J * B / B Z  w h i c h  is s m a l l  i n  t h e  o u t e r  
r e g i o n s  of  t h e  p l a s m a  and a g p r E x i m a t e l y  c o n s t a n t  n e a r  t h e  a x i s .  
T h i s  a s s u r e s  t h a t  t h e  t e a r i n g  mode d r i v i n g  term ul is  n e a r  zero  
i n  t h e  c e n t r a l  r e g i o n s  o f  t h e  p i n c h .  Wi th  C1=0, i t  h a s  b e e n  
f o u n d  [ 3 ]  t h a t  t h e  c h o i c e  of A=400, 6 , E  -+ 00 is  opt imum i n  t h a t  i t  
y i e l d s  t h e  mos t  e x t e n s i v e  s t a b l e  r e g i o n  i n  ( k Z , R W )  s p a c e .  
C h o o s i n g  C l = . l  r e s u l t s  i n  an  e q u i l i b r i u m  which  is b o t h  t e a r i n g  
mode a n d  Suydam s t a b l e  w i t h  a v a l u e  of  c e n t r a l  B ~ 1 8 % .  However,  
i t  i s  now s u s c e p t a b l e  t o  p r e s s u r e  d r i v e n  r e s i s t i v e  i n t e r c h a n g e s ,  
o r  g-modes. 

We s t u d y  t h e  n o n - l i n e a r  e v o l u t i o n  o f  t h e s e  modes by p o s i n g  
a n  i n i t i a l  v a l u e  p r o b l e m  i n  wh ich  t h e  i n i t i a l  c o n d i t i o n s  c o n s i s t  
o f  t h e  e q u i l i b r i u m  q u a n t i t i e s  d e s c r i b e d  a b o v e  p e r t u r b e d  by a n  
u n s t a b l e  e i g e n m o d e  o b t a i n e d  from a n u m e r i c a l  s o l u t i o n  o f  t h e  
l i n e a r i z e d  r e s i s t i v e  MHD e q u a t i o n s  [ 2 ] .  The s y s t e m  is  t h e n  
a d v a n c e d  i n  time b y  n u m e r i c a l l y  s o l v i n g  t h e  f u l l  s e t  of  n o n l i n e a r  
r e s i s t i v e  MHD e q u a t i o n s  i n  two s p a c e  d i m e n s i o n s  by  t h e  method o f  
f i n i t e  d i f f e r e n c e s  [ S I .  F o r  c a s e s  i n v o l v i n g  a x i a l  symmetry  
( e . g . ,  t h e  m = O  m o d e ) ,  we s o l v e  t h e  p r o b l e m  i n  t h e  ( r , z )  p l a n e .  
When m=1, we r e d u c e  t h e  d i m e n s i o n a l i t y  of  t h e  p r o b l e m  from t h r e e  
t o  two b y  t r a n s f o r m i n g  t o  t h e  h e l i c a l  c o o r d i n a t e  s y s t e m  
( r ,$=mO+kzz) .  

3 .  R E S U L T S  

F o r  t e a r i n g  i n s t a b i l i t i e s  a t  z e r o  f3 i t  h a s  b e e n  e s t a b l i s h e d  
t h a t  t h e  mos t  n o n l i n e a r l y  a c t i v e  mode i n  b o t h  tokamaks and  
R e v e r s e d  F i e l d  P i n c h e s  is c h a r a c t e r i z e d  by a z i m u t h a l  mode number 
m = l  [ 6 ,7 ] .  I n  t h a t  case t h e  m a g n e t i c  i s l a n d  is o b s e r v e d  t o  
d o m i n a t e  t h e  c e n t r a l  core o f  t h e  p l a s m a  r e s u l t i n g  i n  a f i n a l  
s t a t e  wh ich  is a lmos t  a s i x y m m e t r i c .  I n  c o n t r a s t ,  w e  f i n d  here  
t h a t ' f o r  t h e  r e s i s t i v e  3-mode a t  ~ = . 1 8 ,  i . e . ,  n e a r  t h e  
m a r g i n a l  s t a b i l i t y  p o i n t ,  t h e  m a g n e t i c  i s l a n d  f o r  m = l  r e m a i n s  
f a i r l y  l o c a l i z e d  n e a r  t h e  s i n g u l a r  s u r f a c e .  I n  f a c t ,  w e  f i n d  
t h a t  when t h e  s i n g u l a r  s u r f a c e  i s  o u t s i d e  t h e  f i e l d  n u l l  w e  a r e  
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a b l e  t o  o b s e r v e  o n l y  t h e  s l i g h t e s t  n o n l i n e a r  g r o w t h  b e f o r e  
complete  s a t u r a t i o n  o c c u r s .  However ,  when t h e  s i n g u l a r  s u r f a c e  
i s  i n s i d e  t h e  f i e l d  r e v e r s a l  p o i n t ,  t h e  mode i s  f o u n d  t o  h a v e  
more r o b u s t  n o n l i n e a r  b e h a v i o r .  The i s l a n d  i n  t h e  s a t u r . a t e d  
s t a t e  f o r  t h i s  c a s e  i s  shown i n  f i g u r e  1. N o t e  t h a t ,  w h i l e  t h e  
i s l a n d  w i d t h  h a s  become a s i g n i f i c a n t  f r a c t i o n  o f  t h e  minor  
r a d i u s ,  i t  is s t i l l  f a i r l y  l o c a l i z e d  n e a r  t h e  s i n g u l a r  s u r f a c e .  
T h i s  d i f f e r e n c e  i n  n o n l i n e a r  b e h a v i o r  b e t w e e n  m = l  t e a r i n g  and 
r e s i s t i v e  i n t e r c h a n g e  modes may b e  d u e  t o  t h e  f a c t  t h a t  t h e  
d r i v i n g  f o r c e  f o r  t h e  g-mode is c e n t e r e d  w i t h i n  t h e  r e s i s t i v e  
l a y e r  a t  t h e  s i n g u l a r  s u r f a c e ,  w h e r e a s  t h e  f r e e  e n e r g y  f o r  
t e a r i n g  modes comes  from t h e  m a g n e t i c  f i e l d  c o n f i g u r a t i o n  away 
f r o m  t h e  r e s i s t i v e  l a y e r .  

The  c a s e  m = O  r e q u i r e s  a f i e l d  n u l l  f o r  i t s  o c c u r a n c e  and  i s  
t h e r e f o r e  u n i q u e  t o  t h e  RFP. T h e  m = O  t e a r i n g  mode a t  z e r o  6 h a s  
b e e n  f o u n d  t o  h a v e  r e l a t i v e l y  b e n i g n  n o n l i n e a r  b e h a v i o r  171. I n  
c o n t r a s t ,  t h e  m = O  r e s i s t i v e  g-mode, when i t  e v o l v e s  n e a r  t h e  
m a r g i n a l  p o i n t  B = . 1 8 ,  i s  f o u n d  t o  r e s u l t  i n  l a r g e  m a g n e t i c  
i s l a n d s ,  h i g h l y  d i s t o r t e d  f l u x  s u r f a c e s ,  a n d  i n t e r c h a n g e  v o r t i c e s  
o f  l a r g e  r a d i a l  e x t e n t .  The f l u x  s u r f a c e s  and  f l o w  f i e l d  n e a r  
s a t u r a t i o n  f o r  t h i s  c a s e  a r e  shown i n  f i g u r e s  2 and 3.  N o t e  t h a t  
t h e  v o r t e x  m o t i o n  t e n d s  t o  become c o n c e n t r a t e d  n e a r  t h e  
r e c o n n e c t i o n  p o i n t ,  w h i c h  may i n d i c a t e  a c a s c a d i n g  of  e n e r g y  t o  
s h o r t e r  w a v e l e n g t h s  r e s u l t i n g  i n  t u r b u l e n t  f l o w .  T h i s  b e h a v i o r  
may be d u e  t o  s p a t i a l l y  l o c a l i z e d  c o u p l i n g  t o  i d e a l  i n t e r c h a n g e  
m o t i o n .  I n  a n y  c a s e ,  s u c h  a c o n f i g u r a t i o n  would seem t o  b e  
h i g h l y  c o n d u c i v e  t o  e n h a n c e d  r a d i a l  t r a n s p o r t .  R e c e n t l y ,  t h i s  
b e h a v i o r  h a s  b e e n  c o n f i r m e d  w i t h  a n  i o n  P I C  c o d e  [ 8 ] .  

T h e  a b o v e  r e s u l t s  i n d i c a t e  t h a t  t h e  r e s i s t i v e  g-mode may 
p l a c e  a r e s t r i c t i o n  o n  t h e  v a l u e  o f  6 a t t a i n a b l e  t h r o u g h  O h m i c  
h e a t i n g .  By r e q u i r i n g  t h a t  t h e  c h a r a c t e r i s t i c  Ohmic h e a t i n g  t ime 
b e  l e s s  t h a n  e e - f o l d i n g  t ime f o r  a r e s i s t i v e  g-mode, o n e  f i n d s  
t h a t  B<(S/4)-z7', where s=tR/t H i s  t h e  m a g n e t i c  R e y n o l d ' s  number 
[ 91 .  For S=lg3, w h i c h  c h a r a c t e r i z e s  t h e  c a s e s  p r e s e n t e d  abov  
t h i s  r e q u i r e s  (350.1, w h i l e  f o r  a n  i n i t i a l l y  h o t t e r  p l a s m a ,  S = l f l  , 
o n e  f i n d s  65.02. We i n v e s t i g a t e  t h i s  b e h a v i o r  by  s t u d y i n g  t h e  
n o n l i n e a r  e v o l u t i o n  o f  t h e  m = O  r e s i s t i v e  g-mode f o r  t h e  ca se  
S=l& 6 = . 0 7 8 ,  w h i c h  i s  l e s s  t h a n  t h e  l i m i t  d i s c u s s e d  a b o v e .  
A d d i t i o n a l l y ,  we r e q u i r e  t h a t  t h e  t o t a l  a x i a l  c u r r e n t  r e m a i n  
c o n s t a n t .  I n  f i g u r e  4 we p l o t  t h e  e v o l u t i o n  o f  T o ( t ) / T ,  (B), t h e  
r a t i o  o f  t h e  t e m p e r a t u r e  o n  a x i s  t o  t h e  i n i t i a l  t e m p e r a t u r e  o n  
a x i s ,  and  ( W ( t ) - W ( O ) ) / W ( g ) ,  t h e  p e r c e n t a g e  c h a n g e  i n  m a g n e t i c  
i s l a n d  w i d t h .  I t  c a n  b e  s e e n  t h a t  f o r  t h i s  v a l u e  o f  6 t h e  
i s l a n d  s a t u r a t e s  q u i c k l y  a l l o w i n g  s i g n i f i c a n t  Ohmic h e a t i n g  t o  
t a k e  p l a c e .  I t  would  t h u s  a p p e a r  c r u c i a l  t h a t  t h e  i n i t i a l  p i n c h  
p l a s m a  be  f o r m e d  i n  a l o w  6 s t a t e .  
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FIGURE CAPTIONS 

F i g .  1 S a t u r a t e d  m a g n e t i c  i s l a n d  f o r  m=l, k,=-1 ,  f3= .18 ,  S=10  3 . 
c a s e  m=0, k,=.4,  @ = . l a ,  S=10  5 . F i g .  2 H i g h l y  n o n l i n e a r  p h a s e  o f  t h  m a g n e t i c  i s l a n d  f o r  t h e  

F i g .  3 V e l o c i t y  f i e l d  c o r r e s p o n d i n g  t o  f i g u r e  2. 

. t e ,  

Fig. 4 Relative temperature  on  a x i s  a n d  p e r c e n t a g e  c h a n g f  i n  
i s l a n d  w i d t h  f o r  t h e  case m=0, k , = l ,  f3=.078,  S = l 0  . 
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A Comparison of t h e  m - 0 R e s i s t i v e  Interchange Mode 

as Simulated by Nonlinear Hybrid and MHD Codes 

D. W. H e w e t t ,  Los Alamos S c i e n t i f i c  Laboratory 

Los Alamos, New Mexico 87545 
D. D. Schnack, Lawrence Livermore Laboratory 

Livermore, Ca l i fo rn ia  94550 

A two and one-half dimensional hybrid s imula t ion  code' has r ecen t ly  been 
used t o  study t h e  occurrence and nonl inear  behavior of m = 0 modes i n  Reversed 

F i e l d  Z-Pinch (RFZP) e q u i l i b r i a .  Of p a r t i c u l a r  i n t e r e s t  is the  nonl inear  
development of t h e  rn = 0 r e s i s t i v e  interchange modes. Although o the r  modes have 

f a s t e r  l i n e a r  growth, Schnack' has  observed wi th  h i s  nonl inear  r e s i s t i v e  MHD 

code, t h a t  t he  rn = 0 does not  s a t u r a t e  a t  benign l eve l s .  The o b j e c t i v e  i n  t h i s  

work is t o  v e r i f y  Schnack's r e s u l t  and, f u r t h e r ,  t o  i n v e s t i g a t e  the inf luences 

o f  i on  k i n e t i c  e f f e c t s  on t h i s  mode. 

The two and one-half dimensional hybrid model n a t u r a l l y  inc ludes  ion  F i n i t e  

Larmor R a d i u s  (FLR)  e f f e c t s  through the pa r t i c l e - in -ce l l  r ep resen ta t ion  of the  
i o n  component. The e l ec t ron  component is represented as a massless thermal 

f l u i d .  I n  the quasi-neutral  l i m i t  used i n  t h i s  model, t h e  e l e c t r o n  momentum 

equat ion with r e s i s t i v i t y  is combined wi th  the rad ia t ion- f ree  Darwin l i m i t  of 
Maxwell's equat ion t o  provide the e lectr ic  and magnetic f i e l d s  along wi th  the 

e l e c t r o n  d r i f t  v e l o c i t y .  The dens i ty  and ion d r i f t  v e l o c i t y  are obtained by 
summing over the ion r ep resen ta t ion  a f t e r  each e x p l i c i t  t i m e  advance. To 
complete the time advance, t h e  e l e c t r o n / f i e l d  equat ion combination is solved 

i m p l i c i t l y  so t h a t  the only time step c o n s t r a i n t s  remaining are  those normally 
a s soc ia t ed  with the  e x p l i c i t  t i m e  advance of the  ion  component. The time s t e p  
must be s u f f i c i e n t l y  small t o  r e so lve  f i e l d  d i f fus ion ,  Alfven v e l o c i t y ,  and ion  
thermal and d r i f t  v e l o c i t i e s  on the  gr id .  

The i n i t i a l i z a t i o n  of t h i s  code for  the m - 0 study of t he  RFP involves 

loading the  p a r t i c l e  ions with the  appropr ia te ly  weighted r, z ,  vr ,  V O ,  and vz 
va lues  so as t o  reproduce the des i r ed  RFP d e n s i t y  and temperature p r o f i l e s  when 
t h e s e  moments of t he  d i s t r i b u t i o n  a r e  determined. The selected p r o f i l e s  fo r  

t h i s  work a r e  the t ea r ing  mode s t a b l e  p r o f i l e s  of Robinson3 with f i n i t e  pressure  

added (Fig. 1). The prec i se  equi l ibr ium is defined by spec i fy ing  the  p i t ch  

P ( r )  = rBz(r ) /Bg(r )  - 2 ( 1  - r 2 / 8  - r4/400)  and the  p re s su re  p ( r )  such t h a t  
p 4  = C 1  rBz (P'/P) where the prime denotes  d i f f e r e n t i a t i o n  wi th  respect t o  r. 
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I n c r e a s i n g  t h e  parameter  C1 monotonical ly  i n c r e a s e s  t h e  B s f  t h e  e q u i l i b r i u m  up 

t o  C1 = 0.125 f o r  which t h e  equi l ibr ium becomes u n s t a b l e  t o  l o c a l i z e d  Suydam 
modes. This  l i m i t i n g  6 is  approximately 18X on axis. For t h e  r e s u l t s  p r e s e n t e d  
h e r e ,  we t a k e  a r e l a t i v e l y  l a r g e  va lue  f o r  C1 ( m 0 . 1  * B = 15% on a x i s )  t o  

provide ,  f o r  computat ional  economy, a l a r g e  l i n e a r  growth rate f o r  t h e  m = 0 

mode. 

Some of t h e  s p e c i f i c  paramet'ers f o r  t h e  results p r e s e n t e d  h e r e  are: 
Magnetic f i e l d  on axis  2.5 kC 
Ion tempera ture  on axis -100 eV 

C 1  0.1 
I o n  FLR on a x i s  -0.2 cm 

L i n e a r  growth time f o r  m 0 C-mode 26 US 

Since  t h e  expected mode w i l l  r e q u i r e  a r e l a t i v e l y  l a r g e  number of A l f v h  

times, a p e r t u r b a t i o n ,  l o c a l i z e d  a t  t h e  s i n g u l a r  s u r f a c e ,  is added t o  t h e  d r i f t  

v e l o c i t i e s  a t  t - 0. The p e r t u r b a t i o n  approximates t h e  plasma displacement  
o b t a i n e d  from l i n e a r i z e d  resist ive MHD codes and, c o n s e q u e n t l y ,  should  reduce 
t h e  computat ional  t i m e  r e q u i r e d  f o r  t h e  u n s t a b l e  mode t o  emerge from "noise". 

The s i m u l a t i o n  parameters  chosen f o r  t h i s  run inc lude :  

Magnetic Reynold's number l o 3  
Grid r e s o l u t i o n  40 ( r a d i a l )  x 20 ( a x i a l )  
P a r t i c l e s  10,000 

Period BC's  i n  t h e  z -d i rec t ion  
wi th  ( Zmax-zmin) 80 cm 
'wall 20 cm 
time s t e p  5 rls 

The time e v o l u t i o n  of t h i s  e q u i l i b r i u m  is d i s p l a y e d  In  a sequence of 
t o r o i d a l  f l u x  f u n c t i o n  $ ( = r b )  contour  p l o t s  (F ig .  2 ) .  S i n c e  t h e  i n i t i a l  
p e r t u r b a t i o n  is added v i a  a mass flow, t h e  t 5 0 contour  s imply d i s p l a y s  t h e  
e q u i l i b r i u m  f l u x  func t ion .  The e f f e c t  of t h e  i n i t i a l  p e r t u r b a t i o n  is e v i d e n t  i n  
J, a t  5 Ps b u t  momentarily d i s a p p e a r s  a t  10 PS. A t  times 15, 20, and 25 P S  t h e  

mode i s  observed t o  grow r a p i d l y  through t h e  l i n e a r  phase and i n t o  t h e  n o n l i n e a r  
regime without  s a t u r a t i o n .  S a t u r a t i o n  of t h i s  m - 0 d isp lacement  f i n a l l y  o c c u r s  
between 30 and 35 US when t h e  mode "h i t s"  t h e  conduct ing w a l l .  

Comparing t h i s  r e s u l t  with an  e a r l i e r  s i m u l a t i o n  of t h e  same e q u i l i b r i u m  by 
Schnack with a r e s i s t i v e  MHD i n i t i a l - v a l u e  code, we f i n d  s t r i k i n g  agreement i n  
t h e  nonl inear  c h a r a c t e r  of the  i n s t a b i l i t y .  (See F i g .  3) .  Although n e i t h e r  
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code i n c l u d e s  t h e  p o t e n t i a l l y  s t a b i l i z i n g  i n f l u e n c e  due t o  e l e c t r o n  thermal  

c o n d u c t i v i t y ,  b o t h  s t a r t  from i d e n t i c a l  p r o f i l e s  and similar p e r t u r b a t i o n s .  

Consider ing t h e  l a r g e  d i f f e r e n c e s  i n  t h e  two s i m u l a t i o n  techniques ,  t h e  

s i m i l a r i t y  of t h e  r e s u l t s  coupled w i t h  the  d i s r u p t i v e  c h a r a c t e r  of t h e  mode 

p r o v i d e  i n c e n t i v e  t o  make f u r t h e r  comparisons and t o  i n v e s t i g a t e  more 

e x t e n s i v e l y  t h e  proposed RFP s t a r t  up procedure.  S p e c i f i c a l l y ,  t h e  start up 

t e c h n i q u e  proposes  t o  circumvent t h i s  mode by a c h i e v i n g  l a r g e  S v a l u e s  while 
m a i n t a i n i n g  low 6. A t  h i g h  S, t h e  i n t e r c h a n g e  mode w i l l  b e  h i g h l y  l o c a l i z e d  and 

will b e  more s t r o n g l y  s t a b i l i z e d  by i o n  FLR e f f e c t s .  
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Fig .  1 Robinson's RFP Equi l ibr ium 
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Fig .  2 Time Sequence of Toroidal F l u x  Contours  from 2-D Hybrid 
S i m u l a t i o n  of the m = 0 C-modes. 
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a) 2-D Hybrid Code 

b) 2-D NHD Code 

Fig. 3 Toroidal Flux Contours in Nonlinear Regime 
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C.  1.. Chdiig, N .  T. C;l;idd and c:. S .  I , f u  
Dcyiirtmcnt oI' I'hvglc!; and A s t r o n m v  

U n l v c r s i  t y  of F!nrylmd 
Collcgc Park, Maryland 20742  

INT~OEUCTION T h e  low-frequency tntt>rclioirgc: i n s t a b i l i t y  may b e  excitpd i n  rl c o l l i s i o n  I 

of observed ancmalou!; part- t r l c  d i f f u s i o n  x r ,> , ss  t h c  nagnctir f i e l d  l i n c  ;. 

in t h e  machines l i k e  Reverse F i e l d  i ' i n i ~ l i  and SpIit ,ronak, wc ex,imfnc, i n  t h l s  p.'pcr, ! t  . 
s t a b i l i t y  property i n  mort' d e t a l  Is h y  i r i r l u d t n g  t h t ?  cBffe1.t of elcctrori tcmpcraturc  

n n 
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t h e  s t a n d a r d  f o r t  

( 2 )  

w i t h  t h e  p o t e n t f a l  func t l rm i ) (x )  cxxprcss.;ed ;is 

where 5' u /k , , v i*  :I= w 

Ref. ( 3 ) .  

by t h e  s t a n d a r d  s h o o t i n g  techniques.  

/ ~ k , , v ~ ,  [ =  'I' , / T  and tho  fi inction?.  I : *  1; and H a r e  d e f i n e d  i n  
ge t i  

The above eigenmodc! e q u a t i o n ,  t h w g h  cornplf c a t c d ,  C J I ~  be s o l v e d  numerically 

achieved by e l e c t r o n  thermal  m o t  lon along the. f l e l d  l i n e s .  

around t h e  mode rational s u r f a c e  w l t h  10w / 1 ( , 1  v 

However, in 3 r e g l m  centcrw!  

1, the c l e c t r u n s  !)ehave ndtabcticnlly 2 2  
C t' 

and t h e  u n s t a b l e  cha rge  s r p e r a t  i o n  rcmatns,  

k h e r e  t h e  n u m e r i c a l l y  solved w n v e f r i o c t i o n  Q 

radial d i s t a n c c  x l p  . From this  f i r t l re ,  WC' 

x=:O., t h e  potent lnL 0 forms ;I well 1 t o  1oc:lt 

us  n e g a t i v e  d i s s t p a t i o n  t o  CIrivL, f t i t i  L n s t i l b  

!3 

Thin is  hest L l l u s t r a t c d  i n  Fig.  l ( a )  

l i l y .  Subseqrr l~ni  p1c i t . s  ( b ) ,  (c )  nud i d )  

From ihcse f i g u r e s ,  wc can  i n  t h e  same f i g u r e  a r e  f o r  rl = I .  , 2 .  SIKI 3 .  respect I v e l v .  

:see t h a t  t h e  e l e c t r o n  tempcrnturc' t:r:.idic.nt tlraiii;lt L c n l l y  dcsi : . o v s  t h e  well g e n e r a t e d  

t? 
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p l o t s  t h e  growth ra te  ~/I,I* :IS n furlb-ticm of  v !  , 1 - t ’  n o t i 1  e frk>m t h i s  f i g u r e  t h a t  t he  

t empera tu re  g r a d i e n t  effcbct  Is m o r t ’  r *o inp l  1v.itetl than simplv s t ‘ i h i l l z i n g .  S p e c - i f i c a l l y ,  

C’ 

behavior,  wc proc.eed f u r t h e r  t o  c a l c u l a t e  t h e  pote l i t  i a l  s t r e n g t h  Q(x) a t  mode r a t i o n a l  

s u r f a c e  x=O 

In the c a s e  of bad curvature w , t h e  s i g n  of (]((I) is determined by  t h e  q u a n t i t y  geW* 

Accord ing ly ,  t h c  r e a l  part of t h e  p o t e n t i a l  I(eQ(0) forms e i t h e r  a b a r r i e r  ( 

T h e r e f o r e ,  by 

2 - l / w  . 
ReQ <O ) or  a well ( Re(] >TJ ) depending on whether illr > y o r  y > wr. 

i n c r e a s i n g  11 , the  r e a l  f rcquency increaser; 1 i n c u r l y  w i t h  t h e  t empera tu re  g r a d i e n t  and,  

i1S ~ o o i i  i I H  the  u p r i s i n g  (,I itxcCt.*d,ci 1, t I i t 1  p o t c ~ n t i a l  w t * l l  a t  XSO becomes r e p u l s i v e ;  

t h u s  pushing t h e  wavefunction t.iw,iy frcw  lie dcst  ,iblI izing r c g i u n  and b r i n g i n g  down 

tlw growth r a  t c .  

c 

r 

I n  stinirniiry, wci Ii:ivcb cxilmined t I I ( ~  1.1 I t - c s t  o C  l l  I cll*t roil t cmpcrnture  g r a d i e n t  on t h e  

r c . s i s t  Ivc-j: modc. Our l i i i n i ~ ~ r i c G i l  rc*stiI t r ;  :,!low t I i i 1 1  \ , ~ I t l i  t l i t b  I i>crcaiIsi~lg tcmpcraturc 

grad L t v i t  q , thc  growth riit c of t h i s  ( ‘ui  v,i[ut-ib d r  t V(’II  modt* decrcascts c o n s i d e r a b l y .  

T h i s  t cnipera t tic e g rad  tent  s t a b  1 1 i Z J  t i u*i  niiiy be cxp 1.1 f ned a n a l y t i c a l  1 y by c o n s i d e r  in8  

the e l e c t r o n  dynamics at: t h e  mode r a t i o n a l  surface. 

L! 
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MHD EQUILIBRIUM AND INTERCHANGE STABILITY OF HELICAL 
CONFIGURATIONS WITH "PITCH REVERSAL" 

M. S. Chu, C. Chu, R. Goforth, F. W. McClain, M. Schaffer, and T. Ohkawa 
General Atomic Company 

We discuss here the OHTE configuration, a high current, low flux 
helically symmetric toroidal pinch configuration with pitch reversal. The 
configuration consists of a central paramagnetic core and a pitch reversed 
boundary region. The pitch reversal is the combined result of plasma para- 
magnetism and the translational transform effect of the external helical 
fields. The plasma boundary is either determined by a limiter or separated 
from the outside by separatrices created by the external coils. Although 
the experimental apparatus is  toroidal in nature, in this paper, we discuss 
the MHD equilibria and interchange stability of this configuration in the 
straight approximation. 

In straight helical equilibria, the magnetic field is given by 

h 2 2  * 
with = <z + are)/(l + a r ) 

(r,B,z) i s  the usual cylindrical coordinate system and 2.rr/la[ is  the pirch 
length of the external coil. 
of radius r and the symmetry variable u = 8 - az, satisfies the helicai 
Grad-Shafranov equation 

The helical flux function F, being a function 

The helical current flux f and pressure p are arbitrary functions of F. For 
a discharge inside a cylindrical chamber, the variation of the flux function 
F on the chamber surface is determined largely by the external helical coil 
Currents. The separatrix passing through 
into open and closed field line regions, 
central plasma, while the open field lines lead to the chamber surface or 
may be lead to divertor regions enclosing the helical coils. 
separatrices may form a magnetic limiter for the discharge channel. 
discharge may also be limited by a material limiter (located at Ft\ inside 
of the separatrix. The requirement that the current vanish outside of the 
limiting surface gives the free boundary condition 

= 0 locations divides the plasma 
The closed field lines enclose the 

Thus, the 
The 
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o r r > r  1 im tP' = 0 

In ( 2 ) ,  rlim is the limiter location. 
arbitrary f' and p' satisfying (2)  has been solved numerically with the 
helical flux boundary condition given by realistic external coils. The 
numerical method2 utilizes the fact that the differential equation (1 )  for 
F is separable in r and u. 
iteratively by modifying the source term to equation ( 1 ) .  

The differential equation ( 1 )  with 

The free boundary condition ( 2 )  is satisfied 

When the external helical coil current Ih is zero, ordinary (reversed 
field) pinch equilibria are obtained. For instance, €or € '  * -P Const 
inside of Fb, and zero plasma pressure, the Bessel function equilibrium 
BZ = BZoJo(Hr), Bo = Bzo J1 (pr) is obtained. We notice that in here axial 
magnetic field reversal can only develop due to plasma current parallel to 
the magnetic field. 
observed experimental1 
tively theoretically4.5 

[The development of this reversed field region has been 
to lead to plasma quiescence3 and explained qualita- 

When the helical coil current Ih is increased, the external flux sur- 
An example of the flux surfaces 

Note that the 
faces are deformed into noncircular shapes. 
is given in Fig. 1 for both R = 2 and L = 3 configurations. 
noncircularity decreases rapidly away from the plasma surface. The separa- 
trix location is determined mainly by the ratio of the plasma current Ip to 
I h ,  with the separatrix radius increasing for increasing plasma current. 
The various flux surface averaged quantities are shown in Fig .  2 €or the 

C 0 N 0 U C f I N G 
CHAMBER 

CON0 UCTl NG 
CHAMBEA 

Fig. 1. L - 2 and 11 - 3 helical flux function 
contours for separacrices just within 
the chamber. curp> - 3 .  Ih - 30 kA, 
45' winding angle, coil radius 0.215 m. 
For R - 2, I /I - 5 . 5 ,  <r > - 0.158m. 
For R * 3 ,  Ip/Ih - 4 ,  Cr 0.165m. 
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F i g .  2 .  Flux s u r f a c e  averaged t o r o i d a l  c u r r e n t  
d e n s i t y  i, p o l o i d a l  c u r r e n t  d e n s i t y  j ,  
f o r  an  II = 3 e q u i l i b r i u m  as a f u n c t i o n  
of averaged r a d i u s .  Shown a l s o  are  t h e  
r e l a t i v e  p r o f i l e s  of t h e  p i t c h  P and 
s h e a r  S. 

il = 3 case. The i n t e r i o r  of t h e  c o n f i g u r a t i o n  d i f f e r s  l i t t l e  from a 
( r e v e r s e d  f i e l d )  p inch ,  y e t  i t  h a s  q u i t e  d i f f e r e n t  c h a r a c t e r i s t i c s  n e a r  t h e  
boundary. To demonst ra te  t h i s  p r o p e r l y ,  w e  a l s o  e x h i b i t  t h e  p i t c h  p r o f i l e s  
f o r  t h r e e  c u r r e n t  p r o f i l e s  i n  F i g .  3. 

I n  c u r r e n t  p r o f i l e  A .  f '  is c o n s t a n t  throughout  t h e  plasma, as i n  F i g s .  
1 and 2 .  I n  c u r i e n t  p r o f i l e  C ,  f '  i s  

F,/Fb 

(a) 

kept  c o n s t a n t  i n s i d e  of t h e  p i t c h  

Fig.  3 ,  Current  d e n s i t y  p r o f i l e s  f' and t h e  c o r r e s -  
ponding p i t c h  p r o f i l e s  P f o r  h e l i c a l l y  symmetric 
e q u i l i b r i a .  Fb i s  t h e  plasma boundary. Fr is 
t h e  r e v e r s a l  p o i n t .  

1 1 5  



reversal point and is reduced sharply to zero outside. The pitch reversal 
in t h i s  case is due entirely to the external helical field, which adds a 
translational transform to the magnetic field. Profile A has been proposed 
by Taylor4 to be favorable for its stability to current driven modes. Pro- 
file C has been usually assumed for current drive and power input considera- 
tions. Finally, profile B has a trapezoidal f' profile, shown i n  Fig. 3a, 
in which f' tapers in the reversed pitch layer from the central value to 
zero at the limiting surface. The corresponding pitch profiles are plotted 
in Fig. 3b. The translational transform was chosen to enhance the pitch 
reversal. Various other profiles with different f' and p', for instance, 
cases where f' varies as a power law or exponential function of F have also 
been computed. In general, the plasma develops a pitch reversal when the 
plasma current to axial flux (pinch) ratio exceeds a value which depends on 
the external helical field. 

To study the stability of these configurations to localized interchanges, 
the stability criterion of Greene and Johnson5 is used: 

DI = Sh + A, + A2 + A3 L 0 

where Sh = - 114 

A, = - [(&) po(p'V" + , ' A r t  - J'$") 
S2  

+ s (.I <- B2 '+ WP'f (+>)I 1w2 IVFl 

pop' *V' * 
A2 * S2  6) $$> 

(3) 

( 4 )  

with < indicating average over the flux surface. I and J are the toroidal 
and po'loidal current flux, V the volume, and 9 ,  X are the toroidal and poloi- 
dal magnetic fluxes, indicates differentiation w.r.t. the helical flux F. 
This criterion is to be compared to the Suvdam criterion for circular pinches. 
Due to the noncircularity of the flux surraces, the geodesic curvature terms 

1 1 6  



are slightly destabilizing near the separatrix. However, the additional 
translational transform maintains the shear in this region. 
value of the various terms in the interchange criterion are shown across the 
flux surfaces in Fig. 4 for an A profile equilibrium. 
figuration has a volume averaged B of 18%,  (corresponds to BI * 107h 
lpdV/12Ro = 40%)  and s t i l l  has stability margin throughout. 

The explicit 

This particular con- 

A 

0.3 

0.2 

0.1 

0 

-0.1 

-0.2 

0.5, 

'0, 

-\ 1:o 
\ 

Fig. 4 .  Relative value. of various quantities in the 
interchange criterion across the flux surface. 

In conclusion, we have demonstrated the basic equilibrium and inter- 
change stability properties of a high current low flux helically symmetric 
s y s t em. 
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DYNAMICAL DETERMINATION OF OHMIC STATES OF A CYLINDRICAL 
PINCH*--D.D. Schnack, National MFE Computer Center, Lawrence 
Livermore Laboratory, Livermore, CA. 94550 

1 . INTRODUCTION 

One of the fundamental problems in understanding the 
observed behavior of the Reversed Field Pinch (RFP) is the 
mechanism for generation and maintenance of the reversed axial 
field. While the theory of Taylor ( 1 1  predicts a relaxation 
toward such a state, it does not address the problem of the 
dynamics of its attainment or regeneration. Experimental 
observations indicate that the mechanism may not be unique [ 2 ] ,  
and models based on both turbulence [ 3 ]  and instability [ 4 1  have 
been proposed. In the former case, it is shown that the mean 
magnetic field evolves from a given initial state to a final 
force-free steady state consistent with the Taylor theory. In 
the latter case, the nonlinear interaction of kink modes with 
different helicity leads to field reversal, which is then 
sustained by continued unstable activity. 

In this paper we address the dual problems of generation and 
sustainment of the reversed axial field. We show that, if a 
cylindrical plasma is initially in an axisymmetric state with a 
sufficient degree of paramagnetism, field reversal can be 
attained by mode activity of a single helicity. The initial 
paramagnetism may be due to the method of pinch formation, as in 
fast experiments [ 5 ] ,  or to a gradual altering of the pitch 
profile resulting from a succession of instabilities [ 6 1 .  
Furthermore, if the total current is kept constant and energy 
loss and resistivity profiles are included in an ad hoc manner, 
we find that the final steady state of the helical instability 
can be maintained for long times against resistive diffusion 
without the need for further unstable activity. These states, 
which possess zero order flow and possibly reversed axial field, 
represent steady equilibria which simultaneously satisfy force 
balance and Ohm's law, and are termed Ohmic states [ 7 ] .  

2. METHOD OF SOLUTION 

We approach the problem of the existence and accessability 
of Ohmic states by solving an initial value problem in which an 
initially unstable, axisymmetric cylindrical 2-pinch equilibrium 
is perturbed with an eigenmode of an m=l resistive kink 
instability obtained from a linear resistive MHD code. The 
nonlinear evolution and saturated final state of this 
configuration is then determined with a nonlinear, two- 
dimensional MHD code which solves the full set of helically sym- 
metric resistive MHD equations [ a ] .  Specifically, we choose 

*Work performed under the auspices of the U.S. Department of Energy 
by the Lawrence Livermore Laboratory under contract number 
W-7405-ENG-48. 
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w h e r e  r = a  i s  t h e  r a d i u s  o f  a c o n d u c t i n g  w a l l ,  and  t h e  b o u n d a r y  
c o n d i t i o n s  a r e  s u c h  t h a t  t h e  t o t a l  c u r r e n t  I r e m a i n s  c o n s t a n t  
t h r o u g h o u t  t h e  c a l c u l a t i o n .  S i n c e  t h e r e  i s  i n i t i a l l y  no  
a z i m u t h a l  c u r r e n t ,  t h e  axial.  f i e l d  B z ( r )  c a n  b e  s p e c i f i e d  
a r b i t r a r i l y .  S p e c i f i c  c h o i c e s  a r e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  
More peaked  o r  f l a t t e n e d  i n i t i a l  c u r r e n t  p r o f i l e s  c o u l d  b e  u s e d ,  
b u t  h e r e  w e  c o n s i d e r  o n l y  t h e  p a r a b o l i c  model  g i v e n  a b o v e .  

I n  o r d e r  t o  a p p r o x i m a t e  t h e  coo l  o u t e r  r e g i o n s  of  t h e  p i n c h ,  
we employ  a s c a l a r  r e s i s t i v i t y  mode3 w3i5h is peaked  n e a r  t h e  
c o n d u c t i n g  w a l l ,  i .e . ,  q ( r ) = l / [ u o + ( l - r  / a  ) I ,  w h e r e  (Jo is  a 
c o n s t a n t  wh ich  limits t h e  v a l u e  o f  r e s i s t i v i t y  a t  t h e  wa l l ,  and  
i s  u s u a l y  t a k e n  t o  b e  10-?. A more c o m p l e t e  c a l c u l a t i o n  w o u l d  
a l l o w  f o r  a s e l f - c o n s i s t e n t  r e s i s t i v i t y ,  o r  p e r h a p s  e v e n  Q=Q($), 
w h e r e  $ i s  t h e  h e l i c a l  f l u x .  However ,  t h e  a b o v e  model  h a s  t h e  
g r o s s  p r o p e r t y  o f  m a i n t a i n i n g  a p e a k e d  c u r r e n t  p r o f i l e  t h r o u g h o u t  
t h e  e v o l u t i o n  o f  t h e  p i n c h ,  w h i l e  a v o i d i n g  t h e  n o n l i n e a r  
c o m p u t a t i o n a l  p r o b l e m s  a s s o c i a t e d  w i t h  a s e l f - c o n s i s t e n t  
c a l c u l a t i o n .  

S i n c e  t h e  t o t a l  a x i a l  c u r r e n t  r e m a i n s  c o n s t a n t ,  a s t e a d y  
s t a t e  w i l l  n o t  b e  r e a c h e d  u n l e s s  t h e  r e s u l t i n g  Ohmic h e a t i n g  i s  
b a l a n c e d  by  a n  e n e r g y  loss term, which  p h y s i c a l y  may b e  d u e  t o  
r a d i a t i o n ,  d i f f u s i o n  t o  t h e  l i m i t e r ,  e t c .  o r  t h e s e  c a l c u l a t i o n s  
we c h o o s e  a l o s s  r a t e  p r o f i l e  q ( r ) = a ( r / a j f  p / ( y - l ) ,  which  a g a i n  
s e r v e s  t o  coo l  t h e  o u t e r  r e g i o n s  o f  t h e  p l a s m a .  

3 .  RESULTS 

F o r  a g i v e n  v a l u e  o f  t o t a l  c u r r e n t ,  w e  a l l o w  t h e  i n s t a b i l i t y  
t o  proceed t o  i t s  f i n a l  s a t u r a t e d  h e l i c a l  s t a t e  w h e r e  we e x a m i n e  
t h e  a v e r a g e  v a l u e  o f  a x i a l  f i e l d  a t  t h e  w a l l ,  d e f i n e d  b e  

A p l o t  o f  <Bzw>f ,  t h e  a v e r a g e  v a l u e  o f  B z ( a )  i n  t h e  f i n a l  Ohmmic 
s t a t e ,  v e r s u s  Bg = I / a ,  t h e  v a l u e  o f  a z i m u t h a l  f i e l d  a t  t h e  w a l l ,  
i s  t h u s  e q u i v a l e N t  t o  t h e  f a m i l i a r  F-0 d i a g r a m .  

P a r t i c u l a r  r e s u l t s  r e q u i r e  t h a t  t h e  i n i t i a l  a x i a l  f i e l d  
p r o f i . l e  B ( r )  be s p e c i f i e d .  T h e  c h o i c e  B z ( r ) = c o n s t . = l  c o r r e s p o n d s  
t o  i n i t i a f  c o n d i t i o n s  w h i c h  resemble a t o k a m a k ,  and  f o r  a g i v e n  
t o t a l  c u r r e n t  c a n  be made u n s t a b l e  by t h e  p r o p e r  c h o i c e  o f  a x i a l  
wave number.  I n  f i g u r e  1 w e  p l o t  < B z w > f  v e r s u s  B e w  f o r  t h i s  
c a s e .  Note t h a t ,  w h i l e  q u i t e  p a r a m a g n e t i c  f i n a l  s t a t e s  a r e  
reached ,  f i e l d  r e v e r s a l  i s  n o t  a c h i e v e d ,  w i t h  < B z w > f  z . 3 5  f o r  
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B e w > 4 .  H e l i c a l  mode a c t i v i t y  d o e s  n o t  p r o v i d e  s u f f i c i e n t  a x i a l  
f l u x  a m p l i f i c a t i o n  i n  t h e  c o r e  t o  r e v e r s e  t h e  a x i a l  f i e l d  f o r  
t h i s  c o n f i g u r a t i o n .  T h e  h e l i c a l  f l u x  t o p o l o g y  and  f l o w  f i e l d  f o r  

=1 .5  a r e  shown i n  f i g u r e s  
2 a , b .  Note t h e  p r e s e n c e  o f  t h e  magne Bey ic  i s l a n d  w h i c h  p e r s i s t s  i n  
t h e  Ohmic s t a t e  c o r r e s p o n d i n g  t o  

s p i t e  o f  r e s i s t i v e  d i f f u s i o n .  I n  f i g u r e  4 w e  d i s p l a y  < B Z w >  a s  a 
f u n c t i o n  o f  t ime  f o r  t h i s  c a se ,  d e m o n s t r a t i n g  t h e  r e l a x a t i o n  t o  a 
f i n a l  Ohmic s t a t e .  

T h e r e  i s  expe r imen ta l  e v i d e n c e  t h a t  t h e  i n i t i a l  s t a t e  o f  t h e  
p i n c h  may be h i g h l y  p a r a m a g n e t i c  [ 5 ] .  T h i s  is  c e r t a i n l y  t h e  c a s e  
f o r  f a s t  p i n c h e s ,  and  may a l s o  r e s u l t  i n  slow p i n c h e s  f r o m  
g r a d u a l  m o d i f i c a t i o n  o f  t h e  p i t c h  p r o f i l e  d u e  t o  a s e r i e s  of  
i n s t a b i l i t i e s  s u c h  a s  t h a t  d e s c r i b e d  a b o v e  [ 6 ] .  We t h u s  c o n s i d e r  
a n  i n i t i a l  a x i a l  f i e l d  p r o f i l e  o f  t h e  fo rm 

w h e r e  Bzw, i s  t h e  v a l u e  o f  B r ( a )  i n  t h e  i n i t i a l  s t a t e .  When 
BZWO - - 0  5,  f i e l d  r e v e r s e d  Ohmic s t a t e s  a r e  s t i l l  n o t  a c h i e v e d .  
When B z w o = . 0 2 ,  t r a n s i e n t  r e v e r s a l  is o b t a i n e d  f o r  Bew=1.5 ,  and a 
f u l l y  r e v e r s e d  Ohmic e q u i l i b r i u m  is a c h i e v e d  when B e  = 2 .  T h i s  is  
d e m o n s t r a t e d  i n  f i g u r e  5 ,  w h e r e  we p l o t  < E Z W >  v e r s l s  time. The 
r e s u l t i n g  h e l i c a l  f l u x  s u r f a c e s  a r e  shown i n  f i g u r e  6 .  N o t e  
t h a t ,  w h i l e  t h e  s t a t e  is h e l i c a l l y  d e f o r m e d ,  no  m a g n e t i c  i s l a n d  
i s  p r e s e n t .  

4 .  DISCUSSION 

We h a v e  d e m o n s t r a t e d  q u a l i t a t i v e l y  t h a t ,  i n  a d d i t i o n  t o  
t u r b u l e n c e  and  i n s t a b i l i t y ,  t h e r e  i s  a f u r t h e r  c a n d i d a t e  f o r  t h e  
m a i n t e n a n c e  o f  t h e  r e v e r s e d  f i e l d  s t a t e ,  i . e . ,  a n  Ohmic 
e q u i l i b r i u m  which  is m a i n t a i n e d  a g a i n s t  r e s i s t i v e  d i f f u s i o n  by 
t h e  a c t i o n  o f  z e r o - o r d e r  f l o w .  A d d i t i o n a l l y ,  s u c h  s t a t e s  a r e  
a c c e s s i b l e  a s  t h e  s a t u r a t e d  s t a t e s  o f  h e l i c a l  i n s t a b i l i t i e s .  
However ,  s i n c e  i n  our  model  t h e  r e s i s t i v i t y  and  l o s s  p r o f i l e s  a r e  
somewhat  a r b i t r a r y  and n o t  s e l f - c o n s i s t e n t ,  q u a n t i t a t i v e  r e s u l t s  
a r e  e l u s i v e .  F o r  e x a m p l e ,  when p r o p e r  n o r m a l i z a t i o n  is t a k e n  
i n t o  a c c o u n t ,  w e  f i n d  f i e l d  r e v e r s a l  t o  o c c u r  f o r  v a l u e s  o f  
8 = B  e w / B  z i n  t h e  r a n g e  4 . 4 < 0 < 5 . 8 ,  which  is c o n s i d e r a b l y  l a r g e r  
t h a n  p re$%ted  by  T a y l o r ' s  t h e o r y  [l]. T h i s  may a l s o  b e  d u e  t o  
t h e  s c a l a r  c h a r a c t e r  o f  t h e  r e s i s t i v i t y .  I n  a n y  c a s e ,  f u r t h e r  
r e f i n e m e n t  o f  t h e  model  may b e  n e c e s s a r y .  
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FIGURE CAPTIONS 

F i g .  1 < B Z W > f ,  t h e  a v e r a g e  v a l u e  o f  t h e  a x i a l  f i e l d  a t  t h e  w a l l ,  

F i g .  2 He l i ca l  f l u x  s u r f a c e s  i n  t h e  f i n a l  Ohmic corre-  

F i g .  3 F i n a l  f l o w  f i e l d  c o r r e s p o n d i n g  t o  f i g .  2 .  

F i g .  4 < B Z W >  vs. t ime f o r  t h e  c a s e  B =1 .5 ,  B =l. 

F i g .  5 < B  > v s .  t ime f o r  t h e  case Be  =2.0,  BZW =.02.  N o t e  t h a t  
a ? y e l d - r e v e r s e d  Ohmic s t a t e  h%s b e e n  a t ? a i n e d .  

F i g .  6 Hel ica l  f l u x  c o n t o u r s  i n  t h e  Ohmic s t a t e  Bg,=2.0, 
B =.02. Note t h e  a b s e n c e  o f  a m a g n e t i c  i s l a n d .  
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or p r o c w  Jirclowd. or reprewnts th.it itr uw 
uould iiot inlrinpe priv.itelj-ounrd right\ ’ *  
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ON A HELICAL OHMIC STATE FOR REVERSED FIELD PINCHES 

by Rostom Y. Dagazian 

I INTRODUCTION 

Experimental evidence1 l eads  us  t o  conclude t h a t  no v i o l e n t  phenomena are 
a s s o c i a t e d  wi th  the  onse t  of f i e l d  r e v e r s a l  i n  RFPs .  'Ihe numerical  work of 

Schnack2 a l s o  cor robora tes  t o  t h i s ;  i t  a l s o  sugges ts  very  s t r o n g l y  t h a t  a mode 
of s i n g l e  h e l i c i t y  maybe completely s u f f i c i e n t  t o  exp la in  all of t h e  phenomena 
involved. If a s i n g l e  mode by i t s e l f  cannot produce enough of a paramagnetic 
e f f e c t ,  i t  is very  easy t o  imagine a cha in  of success ive  modes each rear ranging  
l o n g i t u d i n a l  f l u x  by a small amount near  t h e  plasma edge u n t i l  t h e  next  

(genera l ly  h igher  t o r o i d a l  number mode) becomes exc i t ed  and u n t i l  f i n a l l y  a 

p r o f i l e  is carved t h a t  is completely s t a b l e  t o  f u r t h e r  pe r tu rba t ion .  

It is a l s o  ev ident  from the  work of Schnack t h a t  a f i n a l  s a t u r a t e d  s t a t e  of 
a mode wi th  paramagnetic behavior is not  necessa r i ly  geometr ica l ly  complicated 
and i n  some cases i t  does not  r e a l l y  possess  a magnetic i s l and .  On t h e  o the r  

hand, f i n i t e  flows seem t o  be  in s t rumen ta l  i n  maintaining such a state. 

S ingle  h e l i c i t y  and s i m p l i c i t y  of t h e  f i n a l  s ta te  suggest  t h a t  t h e  problem 
is amenable t o  a n a l y t i c  i n v e s t i g a t i o n ;  t h e  presence of flow, however, 
c o n s t i t u t e s  a s e r i o u s  complication. In t h i s  work, i t  wi l l  s u f f i c e  t o  merely 
g i v e  an  o u t l i n e  of a method f o r  t r e a t i n g  t h e  problem a n a l y t i c a l l y  without  r e a l l y  
p re sen t ing  any conc re t e  r e s u l t s .  

11. THE MODEL 

We sea rch  for  h e l i c a l ,  f i n i t e  b e t a  e q u i l i b r i a ,  which s a t i s f y  t h e  set Of 

resistive incompress ib le  MHD equa t ions  
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J, = v._B 

where the  symbols have t h e i r  u sua l  meaning. 

The inc lus ion  of Ohm's law Eq. ( 2 )  and of t he  y*Vy term i n  Eq. (1) i s  t o  be 
noted.  It i a  important i n  view of t h e  f a c t  t h a t  f i e l d  reversal cannot be 
maintained i n  t h e  presence of f i n i t e  r e s i s t i v e i t y  i n  a ~ i s y m m e t r y . ~  Here h e l i c a l  
symmetry and f i n i t e  flow are introduced toge the r  as e f f e c t s  producing a f i e l d  
reversed  s ta te  t h a t  maintains  i t s e l f  i n  time. 

I f  one is t o  b e l i e v e  t h e  experimental  and numerical  r e s u l t s ,  one must assume 
t h a t  t h e  amplitude of t he  h e l i c a l  d i s t o r t i o n  of t h e  f i n a l  s t a t e  w i l l  indeed be 
small a l though f i n i t e .  We then th ink  immediately of a small amplitude expansion 
of Eqs. ( 1 - 4 ) ,  a q u a s i l i n e a r  t reatment  should be  appropr ia te .  One has  t o  only 
go t o  second o rde r  i n  t h e  ampli tude when c a l c u l a t i n g  c o r r e c t i o n s  t o  B i O ) ,  t h e  
equ i l ib r ium c y l i n d r i c a l  p a r t  of t h e  long i tud ina l  magnetic f i e l d .  However, 
examining Eqs. (1-4) more c l o s e l y ,  w e  f i n d  t h a t  because w e  set a / a t  5 0, 
e i n g u l a r i t i e s  w i l l  occur when k*!(O) = 0; k here  i s  t h e  wavevector of t h e  
h e l i c a l  d i s t o r t i o n .  The s i n g u l a r  behavior g e t s  p rogres s ive ly  worse as one 

examines h igher  o rde r  equat ions  i n  t h e  amplitude e x p a n ~ i o n . ~  

We are then l ed  t o  cons ider  t h e  separate reg ions  f o r  t h e  problem, a )  t h e  
resonant  reg ion ,  i.e., t h e  region near t h e  o r i g i n a l  mode r a t i o n a l  su r f ace  i n  
which a completely nonl inear  t reatment  i s  necessary i f  w e l l  behaved so lu t ion8  
a re  t o  be found, b )  t h e  rest of the  plasma, where a q u a s i l i n e a r  t reatment  i a  
s u f f i c i e n t .  
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Asymptotic matching of t h e  s o l u t i o n s  i n  t h e  two reg ions  w i l l  y i e l d  t h e  f i n a l  
answers. 

111. OUTLINE OF CALCULATION 

We employ h e l i c a l  f l u x e s  $, 6 ,  f ,  g s  f o r  t he  magnetic f i e l d ,  flow, cu r ren t  
d e n s i t y ,  and v o r t i c i t y  r e spec t ive ly .  Far from t h e  resonent s u r f a c e ,  w e  employ 
a n  amplitude expansion of t h e  form 

6 << 1 

Here r , T  3 m e  + kz are  t h e  usua l  h e l i c a l  coordinates .  We f u r t h e r  assume weak 
flows i n  t h e  e x t e r n a l  reg ions  

then  l e t t i n g  $ ( ' ) ( r . T )  = $(:]eiT t o  be t h e  form of t h e  l i n e a r  p a r t  of t h e  
d i s t o r t i o n  we proceed t o  c a l c u l a t e  f i r s t  t he  r dependence of t h e  l i n e a r  f i e l d s  
from Eq. (1-4) t hen  t h e  second o rde r  f i e l d s  t h a t  r e s u l t  because of t h e  
i n t e r a c t i o n  of t h e  h e l i c a l  d i s t o r t i o n  wi th  i t s e l f .  Assuming r a t h e r  long 
wavelength d i s t o r t i o n s ,  t h e  second o rde r  equat ions s impl i fy  considerably upon 
n e g l e c t i n g  terms of O(k26, kd2).  

The q u a s i l i n e a r  t rea tment  of t h e  reg ions  f a r  from the  resonant  s u r f a c e  I s  
r a t h e r  s t ra ight-forward given t h e  assumptions l a i d  f o r t h  above. To a t t a c k  t h e  
problem i n  t h e  non l inea r  region,  we assume s t r o n g  s p a t i a l  v a r i a t i o n  and t r y  t o  

s o l v e  t h e  complete nonl inear  set of Eqs. (1-4) t o  lowest o rde r  in this 

v a r i a t i o n .  In add i t ion ,  be ing  guided by t h e  numerical  r e s u l t s ,  we assume 
non l inea r  behavior  t o  be r a t h e r  mild and look f o r  e s s e n t i a l l y  h e l i c a l l y  
symmetric s o l u t i o n s  even i n  t h i s  region. Eqs. (1-4) now reduce t o  (assuming 

P P, = const . )  
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where 

x = r-rS, re is t h e  resonance r ad ius ,  t he  prime denotes d i f f e r e n t i a t i o n  with 
r e s p e c t  t o  x and the  dot  wi th  r e spec t  t o  ‘I. 

We can show now t h a t  s epa rab le  s o l u t i o n s  t o  t h e  system of Eqs. (7-9) do 
e x i s t  and they are of t he  form 

One can i n  t u r n  d e r i v e  nonl inear  r e l a t i o n s  between t h e  va r ious  f luxes .  The 
d e t a i l s  of t hese  c a l c u l a t i o n s  w i l l  be given i n  a f u r t u r e  publ ica t ion .  The 
i n t e r e s t i n g  aspec t  of t h e  nonl inear  behavior here  is t h a t  i t  always seems t o  
manifest  i t s e l f  in t h e  form of a nonl inear  equat ion s tud ied  by Abel. For a very 

p a r t i c u l a r  set of assumptions on t h e  cons tan ts  of sepa ra t ion  involved, we can 
keep terms up t o  0($6) t o  de r ive  f o r  t h e  x-dependence of t he  flow 
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A )  1 and 2 ,  = 2 ,  ( A 

(YW0)’’* 

is  a cy l inde r  Bessel func t ion .  

Matching a s o l u t i o n  of t h e  type  of Eq. (11) t o  t h e  q u a s i l i n e a r  s o l u t i o n  i n  
t h e  e x t u r n a l  reg ions  w i l l  i n  t u r n  y i e l d  t h e  p r o p e r t i e s  of t h e  h e l i c a l  ohmic 
statem 

IV. CONCLUSION 

A p lan  has  been set forth for s tudying  a h e l i c a l  resistive f i e l d  reversed 
plasma s t a t e  a n a l y t i c a l l y .  A q u a s i l i n e a r  t reatment  is  seen  t o  be appropr i a t e  
and t r a c t a b l e  i n  t h e  bulk of  t h e  plasma. A non l inea r  theory is e s s e n t i a l  i n  
understanding t h e  phenomena i n  t h e  resonant  region. 
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MAGNETIC ISLANDS AND STOCHASTIC FIELD LINES I N  THE RFP 
by Ross L. Spencer 

Los Alamos S c i e n t i f i c  Laboratory 
Los Alamos, New Mexico 87545  

ABSTRACT 

The e f f ec t  of magnet ic  p e r t u r b a t i o n s  on RFP e q u i l i b r i a  is cons idered .  Using 
a Hamil tonian r e p r e s e n t a t i o n  f o r  t h e  magnetic f i e l d  l i n e s ,  t h e  format ion  of 
magnet ic  i s l a n d s  is d iscussed .  The t r a n s i t i o n  from magnetic i s l a n d s  t o  
s t o c h a s t i c  f i e l d  l i n e s  is also d iscussed .  As an  example, t h e  e f f e c t  of t h e  
magnet ic  p e r t u r b a t i o n s  caused by pumping p o r t s  i n  ZT-40 i s  computed us ing  a 
c r u d e  model f o r  t h e  pumping p o r t  f i e l d s .  

I s INTRODUCTION 

Good plasma e q u i l i b r i u m  and low t r a n s p o r t  rates r e q u i r e  t h e  e x i s t e n c e  of 
well  d e f i n e d  magnetic s u r f a c e s .  It h a s  been recognized f o r  some time t h a t  
magnet ic  f i e l d  e r r o r s  can i n t r o d u c e  asymmetries t h a t  cause  loss of e q u i l i b r i u m  
and enhanced t r a n s p o r t  rates.‘ I f  t h e  f i e l d  e r r o r s  are of v e r y  s m a l l  magnitude, 
t h e y  cause t h e  appearance of smal l ,  i s o l a t e d  magnetic i s l a n d  c h a i n s ;  as  t h e  
f i e l d  e r r o r s  become l a r g e r ,  p o r t i o n s  of t h e  e r r o r  f i e l d s  wi th  d i f f e r e n t  harmonic 
c o n t e n t  can  i n t e r a c t  w i t h  t h e  main f i e l d s  and w i t h  each o t h e r  t o  produce r e g i o n s  
where t h e  magnet ic  f i e l d  l i n e s  wander r a n d ~ m l y . ~ ‘ ~  Such f i e l d  l i n e s  are c a l l e d  
s t o c h a s t i c  f i e l d  l i n e s ,  and when they occur  over  a s u b s t a n t i a l  p a r t  of t h e  
plasma, e q u i l i b r i u m  may b e  l o s t ,  o r  a t  b e s t ,  t r a n s p o r t  i n  t h e  a f f e c t e d  area w i l l  
b e  e n h a n ~ e d . ~ ” ~  I n  t h i s  paper  t h e s e  issues w i l l  b r i e f l y  be d i s c u s s e d  wi th  
r e f e r e n c e  t o  t h e  r e v e r s e d  f i e l d  pinch. An estimate of t h e  f i e l d  e r r o r s  due t o  
t h e  pumping p o r t s  i n  t h e  ZT-40 d i s c h a r g e  chamber are used as an  i l l u s t r a t i o n  of 
t h e  e f f e c t  f i e l d  e r r o r s  can have on a reversed  f i e l d  pinch. 

11. MAGNETIC ISLANDS 

A s i m p l e  way t o  see what magnetic f i e l d  e r r o r s  can do t o  a n  e q u i l i b r i u m  
c o n f i g u r a t i o n  is t o  use a Hamil tonian d e s c r i p t i o n  of magnetic f i e l d  l i n e s .  It 
i s  p o s s i b l e  t o  make a correspondence between magnetic f i e l d  l i nes  and t h e  phase 
s p a c e  t r a j e c t o r i e s  of a Hamil tonian system. I n  making t h i s  correspondence,  i t  
is convenient  t o  use an  ac t ion-angle  d e s c r i p t i o n ,  i.e. t h e  Hamiltonian is taken  
t o  depend on t h e  a c t i o n ,  J, t h e  a n g l e ,  a ,  and t h e  time, t .  The corresponding 
unper turbed  magnetic e q u i l i b r i u m  is d e s c r i b e d  by t h e  p o l o i d a l  f l u x  f u n c t i o n ,  +, 
t h e  Hamada p o l o i d a l  a n g l e  BH, and t h e  t o r o i d a l  a n g l e ,  The correspondence 
between t h e  two systems i s  made as fo l lows .  

4 J - J  
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where q is the safety factor and where x is the toroidal flux function. If the 
correspondence is made this way, then the condition 

is of b*B = 0, and the invariance of $dJdeH in time corresponds to 
flux conservation, $8*d8 - const. That the Hamiltonian system correctly 
describes unperturbed magnetic field lines is seen by writing the Hamilton 
equations. 

the analog 

the 

i-e., the field lines remain on the JI = const surfaces and are described by 

The Hamada poloidal angle, OH, of course, is constructed so that Eq. (8) holds. 

To see what effect a magnetic perturbation can have, the Hamiltonian is 
modified. A particularly simple modification that illustrates the principal 
effects is given by 

where $ 1  is a constant. This perturbed Hamiltonian produces a helical 
perturbation field with direction normal to the equilibrium surfaces. Note that 
this perturbation field is not a self-consistent equilibrium perturbation; 
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indeed,  
magnet ic  p e r t u r b a t i o n  e x i s t s .  

t h e  axisymmetry is broken so i t  may be t h a t  no e q u i l i b r i u m  w i t h  such a 

Making a c a n o n i c a l  t r a n s f o r m a t i o n  from t h e  v a r i a b l e s  ( $ , O H )  t o  t h e  v a r i a b l e s  
($,meH-n+) produces a new Hamiltonian t h a t  i s  independent of +, a l l o w i n g  t h e  
magnet ic  f i e l d  topology t o  b e  examined a n a l y t i c a l l y .  The main e f f e c t  of adding 
t h e  p e r t u r b a t i o n  can e a s i l y  b e  shown t o  b e  t h e  product ion  of a c h a i n  of magnetic 
i s l a n d s  a t  t h e  resonant  magnetic magnetic s u r f a c e ,  i.e., a t  t h e  s u r f a c e  where 

It is a l s o  easy  t o  show t h a t  t h e  i s l a n d s  have a width g iven  by 

For t h e  s imple  case of c i r c u l a r  f l u x  s u r f a c e s ,  t h e  width of  t h e  i s l a n d s  i n  
r a d i u s  ( i f  t h e  resonant  s u r f a c e  is w e l l  away from r=O) can be shown t o  b e  g iven  
by 

r ABr 
) 1 / 2  

Ar = (nBe d q / d r  

where ABr is t h e  magnitude of t h e  r a d i a l  h e l i c a l  magnetic f i e l d  p e r t u r b a t i o n  
t h e  resonant  s u r f a c e .  

a t  
Two such  i s l a n d  c h a i n s  are shown in Fig. 1. 

Note t h a t  t h e  i s l a n d  wid th  is p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  of t h e  
p e r t u r b a t i o n  ampli tude,  so a small p e r t u r b a t i o n  can make a l a r g e  i s l a n d .  Note 
a l s o  t h a t  l a r g e  s h e a r  h e l p s  t o  reduce t h e  i s l a n d  width.  

111. STOCHASTIC FIELD LINES 

S t o c h a s t i c  f i e l d  l i n e s  may b e  produced i f  two p e r t u r b a t i o n s  of d i f f e r e n t  
h e l i c i t y  are superposed,  i*se if t h e  Hamil tonian is of t h e  form 



w i t h  nl/ml f n2/m2. 

Analy t ic  methods are, a t  p re sen t ,  t oo  weak t o  a l low t h e  t r a j e c t o r i e s  of such 
a sys t em t o  be found; t h e  t r a j e c t o r i e s  must be found by numerical  i n t eg ra t ion .  
If  $l and $2  are small enough, two s e p a r a t e  i s l a n d  cha ins  are produced by t h e  
sum of t h e  two pe r tu rba t ions ,  as  shown in Fig. 1, bu t  as $1 and q2 are 
increased ,  a threshold  is reached beyond which f u r t h e r  amplitude inc reases  
produce s t o c h a s t i c  f i e l d  l i n e s .  Figure 2 shows t h e  r e s u l t  of pe r tu rba t ions  of 
magni tude 

Remnants of t h e  i s l a n d  cha ins  s t i l l  are p resen t ,  bu t  t h e  regions prev ious ly  
covered by t h e  i s l a n d  s e p a r a t r i c e s  and t h e i r  neighboring f i e l d  l i n e s  are now 
f i l l e d  wi th  s t o c h a s t i c  f i e l d  l i n e s .  Roughly speaking, t h e  threshold  f o r  
s t o c h a s t i c i t y  is reached when t h e  pe r tu rba t ion  amplitudes are l a r g e  enough t h a t  
t h e  i s l a n d s  they produce begin t o  overlap.  As t h e  threshold  f o r  s t o c h a s t i c i t y  
is reached, t he  separatrices are destroyed and small cha ins  of i s l a n d s  with 
l a r g e  t o r o i d a l  and p o l o i d a l  mode numbers appear; as  the  pe r tu rba t ion  ampli tudes 
inc rease ,  t h e  s t o c h a s t i c  reg ion  eats away a t  the  f i e l d  l i n e s  on e i t h e r  s i d e  of 
t h e  sepa ra t r ix .  Since the  t r a n s p o r t  p r o p e r t i e s  of such a s t o c h a s t i c  region are 
thought t o  be i t  is d e s i r a b l e  t o  keep t h e  magnetic f i e l d  pe r tu rba t ions  
small i f  t h e y  have resonant  t o r o i d a l  and po lo ida l  mode numbers. The above 
example shows t h a t  "small" may mean considerably less than 1% i n  relative 
magnitude. 

IV. PUMPING PORT PERTURBATIONS: AN EXAMPLE 

One source  of magnetic f i e l d  pe r tu rba t ions  i n  an RFP is t he  va r ious  ho le s  
t h a t  are cut i n  t h e  f l u x  conserving s h e l l  f o r  pumping and d i agnos t i c  access .  As 
a n  example, cons ider  t he  pumping p o r t s  on ZT-40. There are four  of them evenly 
spaced around o u t s i d e  of t h e  t o r u s  wi th  a r a t i o  of t h e  p o r t  r a d i u s  t o  t h e  
minor r ad ius  of t h e  s h e l l  of about 1:4. To approximate t h e  magnetic f i e l d  of 
such a p o r t ,  t h e  f i e l d  of a ho le  i n  an i n f i n i t e  p lane  wi th  a magnetic f i e l d  
para l le l  t o  t h e  plane6 is used t o  choose a magnetic d ipo le  t o  represent  t he  
pumping por t .  An i n f i n i t e  a r r a y  of t hese  d ipo le s  is placed a longs ide  an 
i n f i n i t e l y  long c y l i n d r i c a l  RFP equi l ibr ium t o  c rude ly  r ep resen t  t he  e f f e c t  of 
t h e  The f i e l d  of t h e  i n f i n i t e  array of d ipo le s  
is Fourier  analyzed i n  z and 6 and a f a i r l y  l a r g e  number of terms i n  t h e  Four ie r  
series a r e  used t o  supply t h e  pe r tu rba t ion  f i e l d s  f o r  t h e  numerical  
de te rmina t ion  of t h e  f i e l d  l i n e s .  The resul ts  of such a c a l c u l a t i o n  f o r  a 
t y p i c a l  RFP p r o f i l e  are shown i n  Fig. 30 Note the  f i n e  s t ructure  of magnetic 
i s l a n d  cha ins  and e s p e c i a l l y  t h e  r e l a t i v e l y  l a r g e  i s l a n d s  near  t h e  o u t e r  edge of 
t h e  plasma. The i s l a n d s  do not  y e t  appear t o  over lap  and cause s t o c h a s t i c i t y ,  
bu t  a l a r g e r  pe r tu rba t ion  might. 

t h e  

pumping p o r t s  on t h e  discharge.  

This computation, though crude ,  sugges ts  t h a t  pumping p o r t s  as l a r g e  as 
those  Fur ther  s t u d i e s  
a r e  i n  progress  t o  more accu ra t e ly  determine the  pumping po r t  f i e l d s  and t o  
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determine the  f e a s i b i l i t y  of plugging the  por t s .  Future  s t u d i e s  will examine 
o t h e r  sources  of magnetic f i e l d  pe r tu rba t ions  and t h e i r  poss ib l e  e f f e c t s  on t h e  
behavior  of RFP discharges.  
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Fig. 1. 
The e f f e c t  of two magnetic f i e l d  pe r tu rba t ions  of form AB1cos(kz) and 
A B 2 ~ 0 ~ ( 8 - 3 k z )  with k = 1 on a c y l i n d r i c a l  reversed f i e l d  equi l ibr ium is shown. 
The p o i n t s  represent  t h e  i n t e r s e c t i o n  of f i e l d  l i n e s  with a s e c t i o n  of t h e  0 4  
plane  of an i n f i n i t e l y  long cy l inde r .  A B l / B  = A B ~ / B  = .001. The unperturbed 
f i e l d s  have a f i e l d  r e v e r s a l  su r f ace  a t  rm.8 and a q = 1/3 su r face  a t  rZ.6. 
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Fig. 2. 
The e f f e c t  of i n c r e a s i n g  t h e  f i e l d  p e r t u r b a t i o n s  of F ig .  
i s  shown. 

1 t o  A B 1  = AB2 = .01 

1 .o 

Fig. 3. 
The magnetic f i e l d  l i n e s  i n  a s e c t i o n  of a n  i n f i n i t e l y  long  c y l i n d r i c a l  RFP w i t h  
d i p o l e s  approximating pump p o r t s  a l o n g  t h e  s i d e  is shown. The s e c t i o n  shown 
co r re sponds  t o  ZT-40. The i n s e t  shows t h e  q p r o f i l e .  The r and z axes are i n  
t h e  same u n i t s ,  i.e., t h e  a s p e c t  r a t i o  i s  5 .  
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FORCE-FREE EQUILIBRIA I N  CYLINDRICAL GEOMETRY 

Z. G. An, A. Bondeson, H. H. Chen, Y. C .  Lee, C. S. Liu ,  and E. O t t  
Department of Phys ics  and Astronomy 

Unive r s i ty  of Maryland 
Col lege  Park,  Maryland 20742 

A s t a b l e  equ i l ib r ium f o r  a plasma must correspond t o  a min-sum va lue  of  

t h e  energy,  s u b j e c t  t o  a l l  c o n s t r a i n t s  r e s t r i c t i n g  t h e  evo lu t ion  of t he  d i s -  

charge.  For a low-beta plasma with small bu t  f i n i t e  r e s i s t i v i t y ,  t h e  s t a b l e  

e q u i l i b r i a  can be found by minimizing the  magnetic energy,  B dV,  whi le  

keeping t h e  h e l i c i t y ,  K = 

fo rce - f r ee  s ta tes ,  f o r  which 

J 2  
A B dV cons tan t . ’  This  l eads  t o  t h e  so-ca l led  I 

and f o r  which t h e  energy i s  given by W = XK (in a simply connected geometry). 

Using t h e  r e a d i l y  avai lable  fo rce - f r ee  s t a t e s  i n  s p h e r i c a l  geometry, Rosenbluth 

and Bussac showed t h a t  a nea r - sphe r i ca l  plasma i s  s t a b l e  t o  i n t e r n a l  t i l t i n g ,  2 

when t h e  equ i l ib r ium is s l i g h t l y  o b l a t e ,  whereas a p r o l a t e  conf igu ra t ion  is 

uns t ab le .  

We r e p o r t  h e r e  on an i n v e s t i g a t i o n  of the  minimum energy s t a t e s  i n  a 

c y l i n d r i c a l  plasma. c h a r a c t e r i z e d  by the  a spec t  r a t i o  L / R ,  where R and L a r e  

t h e  r a d i u s  and length of t h e  plasma column. The c y l i n d r i c a l  problem d i f f e r s  

i n  one e s s e n t i a l  a spec t  from t h e  s p h e r i c a l  one,  v i z .  t h e  sepa rab le  s o l u t i o n s  

of t h e  fo rce - f r ee  Eq. (1) cannot  be  made t o  match t h e  boundary cond i t ion  

B n 0 term by term, except  f o r  t h e  axisymmetric s o l u t i o n s .  Hence, a n a l y t i c a l  

e f f o r t s  t o  c o n s t r u c t  non-axisymmetric fo rce - f r ee  s ta tes  have f a i l e d  s o f a r ,  

and w e  have had t o  r e s o r t  t o  numerical  t echniques .  
1 3 5  



We present the main idea behind our approach for a general geometry, 
I 

although its successful application may be limited to rather simple cases, 

such as cylindrical and rectangular. We assume that the magnetic field and the 

I vector potential can be expanded as a sum of normal modes 

B = 1 ai B~~ 
i 

Bi= V x Ai 

which is complete f o r  B (divergence-free and with zero noma1 component an 

the boundary). Clearly, the expansion for A need not be complete, because 

of the freedom implied by gauge transformations. 

constant we introduce a Lagrange multiplier X and look for the stationary 

p o i n t s  of 

To minimize W with K 

Taking the variation with respect to the coefficient ai we get the following 

hermitian, infinite matrix equation 

which can be solved numerically for the lowest eigenvalues, since the matrix 

<Bi B Invoking the completeness of the basis for B 

one easily proves that any stationary point of Eq. ( 3 )  has A * B / l  + v@ which 
implies Eq. (11, i.e.. forcefreeness. 

must be invertible. 
j 
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I n  c y l i n d r i c a l  geometry, w e  can u s e  t he  convent ional  TE-TX-node expansion,  

which can be  shown t o  be complete. Thus, we take 

where y and 0 are expressed i n  terms of s o l u t i o n s  of Helmholtz' equa t ion:  

where a and B 

One e a s i l y  

are t h e  j - t h  z e r o e s  of  Jn and JA, r e s p e c t i v e l y .  
n j n j  

f i n d s  t h a t  <B,*B.> i s  d iagonal  and <Ai*B.> completely o f f -  
1 J  J 

d iagonal  wi th  

R- R '  odd 
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2 -2 2 
where, i n  t h e  case n = 0, a + a s t a n d s  f o r  2a , e t c .  S ince  cB *B > is  i j  

d iagona l ,  t h e  t runca ted  Eq. (4) is  e a s i l y  solved f o r  t h e  smallest 1 by a 

s t anda rd  i t e r a t i o n  procedure.  Higher e igenvalues  can be found by means of 

t h e  Gram-Schmidt o r t h o g o n a l i z a t i o n  process .  

t h e  TM c o e f f i c i e n t s  (a,;) can be e l imina ted  from Eq. (4) y i e l d i n g  a numerical  

scheme which is  cons ide rab ly  more e f f e c t i v e  and r e q u i r e s  less s t o r a g e .  

I f  h igher  s ta tes  a r e  not  r e q u i r e d ,  

The main numerical  r e s u l t  f o r  t h e  c y l i n d e r  c a s e  is t h a t  t h e  f i r s t  axisym- 

metric state has  t h e  lowest  energy as long as L/R ; 1.668. 

t h e  f i r s t  n = 1 sta te  has  lower energy and t h e  axisymmetric equ i l ib r ium 

should be  uns t ab le  t o  n = 1 p e r t u r b a t i o n s .  

i n  numerical  MHD c a l c u l a t i o n s 3 ,  w i th  a th re sho ld  va lue  f o r  L / R  a t  about 1.68, 

i n  e x c e l l e n t  agreement wi th  t h e  e igenvalue  c a l c u l a t i o n .  

observed i n  t h e  spheromak experiment a t  t h e  Un ive r s i ty  of Maryland4 i s  a l s o  

explained;  t h e  L /R  va lue  i s  he re  r a t h e r  l a r g e  (~3-5) al though t h e  boundary 

cond i t ion  a t  t h e  ends z = 0,L is c l e a r l y  more complicated than  BZ = 0.  

When L/R 1.668, 

T h i s  i n s t a b i l i t y  has  been observed 

The t i l t i n g  i n s t a b i l i t y  

F i n a l l y ,  w e  b r i e f l y  d i s c u s s  some p r o p e r t i e s  of t h e  f o r c e - f r e e  states 

F F 
V x B i =  'i Bi ( 8 4  

o r  

F V x (V x A i ) .  
V x A i = -  F 

A i  

Since B n = 0, t h e  v e c t o r  p o t e n t i a l  can always be chosen t o  be normal a: 

t h e  boundaries  of a simply connected volume. Therefore ,  Eq. (8b) is  hermi t ian ,  

F implying t h a t  Bf: and B are or thogonal  i f  A i  f A I n  t h e  case of degenera te  
j j' 

e igenvalues ,  w e  see from t h e  t runca ted  Eq. (4)  (which can be w r i t t e n  as an 

e igenvalue  equat ion  f o r  a real symmetric matrix) t h a t  t o  a p times degenera te  

1 3 8  



ei envalue correspond p mutually orthogonal eigenstates. Hence, the mapping 

of a finite subset of the TE-TM basis onto the approximate force-free states is 

invertible. 

indicates that the force-free eigenvalues indeed form a complete orthogonal sse. 

as opposed to the proposition in Ref. 5 .  We point out that the existence of 

this set may prove useful in, e.g., ?lHD stability calculations, even if the 

exact form of the eigenfunctions can only be found by numerical methods. 

We expect this to hold also for the complete TE-TM basis, which 
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1 The Taylor-Woltjer variat ional  princ:iplc!  predicts  ttlat: a furbtJlent 

plasma w i l l  decay to a s ta te  of minimum energy satisfying t h e  force-free 

equation 

w i t h  the ene rgy  of the s t a t e  proportional t o  the c l g e n v n l u r ~  A .  

The axisymnwtric ( n 4 )  solutloii  to K q .  ( I )  i n  n coriductinL< cvlfrit lcr  o f  

length L and roddus R is 

7 l / L  where crR = j, , ( t h e  f i r s t  zero  ot ’  J1), kL = I I  nnd A [ ,  = ( t i 2  f k’) . 
A plasma i n  this equilibrtum wil I b e  s t a b l e  t o  311 IJei11 MID rncdvs 

u n l e s s  there are non-axisymmetric (n#O) s t a t e s  w i t l i  ;I lower encrlpy, b u t  

analyt ic  nS1 solutiol is  t o  E q .  (1 )  I 1 1  cy l indrica l  coordiniltcn Iinve riot hccn 

found and A numerical s t a b i l i t y  analysis i s  required. 
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Using a 6W formalism,  Roseuhlutli ilnd R ~ l s ~ n c ~  have nnit1vzc)d t h c  st:ihl \ i t ?  

of t h e  n=O f o r c e - f r e e  e q u i l i b r i u m  In a sphere where t h e  n # O  s o l u t i o n s  t e  

Eq. (1) are w e l l  known. 

d l  modes were s t a b l e  excep t  an n=1 t i l t  which was ninrginol,  btlrninlnfi u n s t a b l e  

They found t h a t  w i t h  a conduc t ing  wal l  boundary, 

if t h e  s p h e r e  is g iven  a p r o l a t e  deformation. 

shou ld  b e  t h e  most impor t an t  i n  a c y l i n d e r  3 s  well and i t  h a s  been observed 

on t h e  PS-1 

The n=1 t t l t - i n g  i n s t a b i l i t y  

3 which has an e q u i l i b r i u m  re sembl ing  t h e  one given by Eq. ( 2 , .  

The s t a b i l i t y  o f  t h e  n=O e q u i l i b r i u m  i s  ana lyzed  b y  making an n = l  

v e l o c i t y  p e r t u r b a t i o n  and n u m e r i c a l l y  i n t e g r a t i n g  t h e  l i n e a r i z e d  I d e a l  MHD 

e q u a t i o n s  a$, 
---. - - 3, x i f ,  + lo x , a t  

u s i n g  a 2-D E u l e r i a n  l e a p f r o g  scheme. ' I ' l ~ l ~  f a s t e s t  e x p n n c ~ n t i a l  ly growlni: ntodc 

e v e n t u a l l y  dorninnttxs and i t  H growth r a t e  i:i c- i Lculatcd.  This growth rLite i 3 

normalized to the Alfv6n t r a n s i t  time i 

a t  t h e  c e n t e r  of  the c y l i n d e r )  and i s  p l o t t e d  i n  F ig .  1 for d l f f e r e n t  v n l t i c > s  

of t h e  e l o n g a t i o n  L/R. 

= l t / V A o  (VAo t s  t h e  AZfv6n s p c l t d  A 

Fig- 1. Normalized growth rate Y T  p l o t t e d  as a f u n c t t o n  of e!l)nRntion L / R .  A 
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The p l a s m  f i r s t  becomes iinstablc whc.ir L / R  excccds the thr t lshold v a l u e  

1.68 + - - 0 3 .  

becomes lower t han  t h a t  of t h e  n=O equilibrium. 

mode shows tlie plasma t l l r  Ing front t lw n = O  t o  t h e  n i l  c o n f t g u r a t i o n .  

I n  an independent  numerical  c a l c u l a t i o n  of the so Iu tLons  t o  Eq. ( I ) ,  

T h i s  Is t l ie  p o i n t  where the energy of t h e  n = l  t i l t e d  s ta te  

The e i g e n f u n c t f o n  f o r  t h i s  

4 An et  al. 

o c c u r r i n g  a t t h e  c r i t i c a l  value I , /R = 1 . 6 6 8 ,  i n  e x r c l l e ~ t  agreement w i L h  t h e  

t h r e s h o l d  found above. 

found t h e  c r o s s o v e r  i n  energy between t h e  n=O and n = l  states 

The f a c t  that thls t h r e s h o l d  m i l s t  a g r e e  w i t h  thc crosscwer of t h e  ti=O 

and n-1 e n e r g i e s  ( e i g e n v . , l u e s )  r a n  be seen hy looking ;it Eq. ( 3 )  a t  marginill 

s t a b i l i t y  where aV, / a t  = 0 = 3, x 8, $. jo x g1 and using 3, = X o i 0  io reduce 

it to (3, - x 8, 0. T h i s  has the s o l u t i o n  

+ 

3, - A0i$ = hl%()  * ( 4 )  

where A, is i n  g e n e r a l  some scaler func t io t i  of position which has t h e  same 

a p ( i 4 )  angular dependence a R  1,  and 8 , .  
one f i n d s  a n  e q u a t i o n  for h l :  

Taking the divrrficncc? o f  Eq. (4), 

Equat ion (5) o n l y  p e r m i t s  X 1  t o  bc  non-zero on R r a t i o n a l  surface wht.rc3 

q”m (m4, +1, - -  +2, . . . ) .  

axis and it d e c r e a s e s  m o n a t o n i r n l l y  t o  . 6 0  on t h e  z-axis  and n t  t h e  wall. 

S i n c e  t h e r e  i s  no r a t i o n a l  surfact. A I  must be z e r o  nnd E q .  ( 4 )  r educes  t o  

A t  L/R=1.68 howovcJr, t h e  q v a l u e  I s  . 95  on t h e  mognctlc 

1 4 2  



Equation ( 6 )  says  t h a t  3, is an n = l  so lu t ion  t o  Eq. ( 1 )  with eigenvnlua X g .  

Hence a t  this value  of L/R where t h e  system is marginal ly  s t a b l e  Xo, which 

was defined as t h e  e igenvalue of t h e  n=O force- f ree  s t a t e ,  i s  also t h e  

e igenvalue of t he  I I = I  force- f ree  s t a t e .  

A t  L/R=1.80, there  fs another  t l l reshold where a sccond mode appeilrs. 

A t  t h i s  va lue  of L/R, t h e  q value  is increased  t o  1 on the magnetic a x t s  and 

Eq. ( 5 )  can have a solution with a non-zero X 

func t ion  on the r a t i o n a l  su r f ace  and Eq. (4) w i l l  look like 

X I  w i l l  t n  f a c t  be a d e l t a  1; 

where Jt and 8 are t h e  usual  f l u x  coord ina tes .  The per turbed magnetic f i e l d  

f o r  t h i s  mode is  similar t o  t he  t i l t i n g  modes' but  t h e  displacement is l oca l i zed  

Outaide t h e  r a t i o n a l  su r f ace  where q<1. This  is an " inverted" nnalog of t h e  

kink mode i n  n tokamak w h i c h  h a s  i t s  displacement l o c a l i z e d  _-.- i n s l d e  the r a t i o n a l  

surface where q < l .  

As L/R i s  increased  t o  3.1.. the  q=1 su r face  moves o u t  t o  t he  w a l l  and 

t h e  displacement is no longer  l o r a l t z e d .  The growth r o t e  is m~xlmim a t  this 

po in t .  

For very l a r g e  L/K the  growth ra te  d r o p s  off s l i g h t l y  and  the eigen- 

func t ions  take on a pcrlcrdic. s t r u c t u r e  i n  i h a  z - d i r t x t i u n .  
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Stud ies  of the  Formation of F ie ld  Reversed Plasma 
by a Magnetized Co-Axial Plasma Gun 

W. C. Turner ,  E. H. A. Granneman*, C.  W. Hartman, 
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Lawrence Livermore Nat ional  Laboratory 
Livermore, CA 94550 
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We have co t inued  our  experiments on co-axial  gun product ion of f i e l d  
reversed  plasma ? l ) .  The emphasis of experiments repor ted  here was to  
a t tempt  formation of an i s o l a t e d ,  reconnected, f i e l d  reversed plasma by 
a x i a l  t r a n s l a t i o n  from the  gun. 

A schematic of the experimental  set-up is shown i n  Figure 1. The gun 
i n j e c t s  a x i a l l y  i n t o  a d r i f t  tank followed by a magnetic mi r ro r .  For the 
experiments repor ted  here ,  only the  guide c o i l s  ou t s ide  the  vacuum vesse l  
and so lenoids  on the  plasma gun e l ec t rodes  were used; t he  mir ror  c o i l  was 
n o t  energized.  A s t a i n l e s s  s t ee l  f l u x  conserver  is placed i n  the mirror  
t h r o a t  t o  prevent  the  plasma from con tac t ing  the nonconducting vacuum wall  
in t h e  reg ion  of the mir ror .  An ax i s  e n c i r c l i n g  a r r ay  of magnetic loop 
probes inc ludes  four  diamagnetic loops and a loop which measures the 
az imutha l ly  averaged outward poin t ing  r a d i a l  component of magnetic f i e l d .  
These loop probes a r e  s t a i n l e s s  s t e e l  jacketed and form a f l u x  conserving 
boundary ( a t  a r a d i u s  = 30 cm) f o r  plasma emit ted from the gun. A f i v e  t i p  
probe t h a t  can be pos i t ioned  anywhere along the  axis of the  experiment is 
used t o  measure i n t e r n a l  components of magnetic f i e l d .  Each probe t i p  
con ta ins  two small  c o i l s ;  one t o  measure the  a x i a l  (po lo ida l )  component of 
magnetic f i e l d  and another  t o  measure t h e  component out  of the  plane of 
F igure  1 ( t o r o i d a l  component). 

The bas i c  idea  behind magnetized coax ia l  gun formation of f i e l d  
reversed  plasma ( 2 )  i s  t o  add so lenoid  c o i l s  t o  the  inner  and ou te r  
e l e c t r o d e s  of an ordinary  co-axial  gun. Together wi th  the  e x t e r n a l l y  
appl ied  guide magnetic f i e l d ,  these  so lenoids  form a magnetic cusp a t  the  
gun muzzle. Plasma reaching the  gun muzzle c a r r i e s  the f lux  of the inne r  
e l e c t r o d e  wi th  i t ,  thus  r eve r s ing  the magnetic f i e l d  downstream of the 
cusp. Then one of t h e  two s i t u a t i o n s  shown i n  Figure 2 can occur.  
f i r s t  s i t u a t i o n  the  elongated f i e l d  l i n e s  reconnect and an i s o l a t e d  f i e l d .  
reversed t o r o i d a l  plasma is  formed. In  t h e  second case ,  the  plasma cools  by 
thermal conduction back t o  the  gun e l e c t r o d e s ,  and the  elongated f i e l d  l ines 
d i f f u s e  back i n t o  the  gun before  they can reconnect.  Figure 3 shows 
schemat ica l ly  the  behavior of some magnetic probe s i g n a l s  f o r  each of these  
s i t u a t i o n s .  
*On leave from FOM-Institute for Atomic and Molecular Physics, 
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f i e l d  l i n e s  should appear as a propagat ing pulse .  I f  the  f i e l d  lines remain 
open and d i f f u s e  back to  the  gun, then the  loop f u r t h e s t  from the  gun should 
have t h e  s h o r t e s t  dura t ion  and i t s  s i g n a l  should be the  f i r s t  t o  d i sappear .  
The probe measuring t h e  outward component of r a d i a l  magnetic f i e l d  should 
also show d i s t i n c t i v e  behavior .  
then t h e  r a d i a l  f i e l d  should have f i r s t  one s i g n  and then the  o the r .  
f i e l d  l i n e s  c o n t r a c t  back t o  the  gun then  one should observe a s i g n a l  w i th  
t h e  same p o l a r i t y  as t h e  emerging plasma f r o n t  r e t u r n i n g  t o  the  gun la te  i n  
time. 

I f  a c losed  f i e l d  l i n e  plasma i s  formed 
I f  

F igu res  4 t o  7 show some magnetic s i g n a l s  o f  gun produced plasma. 

For 
With t h e  f i v e  t i p  probe pos i t i oned  68 cm from the  gun t h e  s p a t i a l  p r o f i l e s  
of  B, ( p o l o i d a l )  and Bx ( t o r o i d a l )  i n  Figure 4 have been obtained.  
t h i s  p a r t i c u l a r  sho t  the  guide magnetic f i e l d  was 2,2 kG and the  a x i a l  
magnetic f i e l d  a t  t he  c e n t e r  of the  plasma i s  -9 kG. 
a x i a l  f i e l d  is  Ro = 10 cm. 
an est imated polo ida l  f l u x  +pol, = 1.5 - 2.0 x lo3 kG - cm2, about 
equal  t o  the  ne t  f l u x  i n  the  inner  e l ec t rode  of the gun, J) 
103 kG - cm2. 
expected odd symmetry about y - 0 and reaches a maximum value 7.5 kG a t  5 t o  
10 cm off  t he  symmetry axis .  
c u r r e n t  per u n i t  a x i a l  l eng th  ( 1  MA/meter) and the  t o t a l  po lo ida l  cu r ren t  
(330 kA) have been est imated from the  magnetic f i e l d  p r o f i l e s .  
c u r r e n t  is about one-half the  gun d ischarge  cu r ren t  a t  t he  t i m e  plasma 
begins  t o  leave  t h e  gun. 
reversed plasma shown i n  F igure  4 has been determined by r e t r a c t i n g  the  
f i v e - t i p  probe on success ive  sho t s .  

The r a d i u s  of zero  
I n t e g r a t i n g  the  B, f lux  out  to  Ro y i e l d s  - 1.6 x tun  The t o r o i d a l  component of magnetic f i e l d  ex i b i t s  the  

Assuming c y l i n d r i c a l  symmetry the  t o r o i d a l  

The polo ida l  

The ax ia l  propagat ion d i s t ance  of the  f i e l d  

F igure  5 shows t h e  behavior of ABz de tec t ed  by the  c e n t e r  t i p  of the 
f i v e  t i p  probe f o r  three cond i t ions .  For t h e  f i r s t  t w o  cases the  inne r  
e l e c t r o d e  f l u x  was f ixed  a t  $gun = 1,8 x lo3  kG - cm2 and the  probe 
moved from 67 cm to  117 cm from the  gun muzzle. As t he  probe is r e t r a c t e d ,  
t h e  du ra t ion  of ABz s i g n a l  decreases  from 20 Psec t o  3 Psec, and t h e  peak 
amplitude decreases  from 20 kG to  13 kG. For t h e  t h i r d  case ,  the  probe 
p o s i t i o n  was l e f t  a t  117 cm and t h e  inner  e l ec t rode  f l u x  decreased t o  +gun - .8 x lo3 kG - cm2. 
regained and t h e  s i g n a l  dura t ion  exceeds 20 Psec again.  The plasma behavior 
on t hese  t h r e e  s h o t s  s t rong ly  suggests  t h a t  the polo ida l  f i e l d  l i n e s  a re  not 
breaking f r e e  from the  gun. Fur ther  evidence of t h i s  is i nd ica t ed  in  
F igu res  6 and 7 .  
51 cm, 68 cm, 119 cm and 136 cm from the  gun. For t h i s  shot  t h e  t o t a l  
e l e c t r i c a l  energy de l ive red  t o  the  gun was 180 W ,  the  guide f i e l d  was 3.3 
kG and t h e  inner  e l e c t r o d e  f l u x  $ 
s i g n a l s  show the  behavior  s k e t c h e f i n  F igure  3 when the polo ida l  f i e l d  l i n e s  
do no t  reconnect .  F igure  7 shows the  behavior of the  r a d i a l  component of 
magnetic f i e l d  a t  R = 30 cm, z = 58 cm from the gun f o r  t h r e e  success ive  
s h o t s ,  For these  s h o t s  t he  guide f i e l d  was f ixed  a t  3,3 kG t h e  e l e c t r i c a l  
energy input  t o  the  gun was 140 kJ  and the  inner  e l ec t rode  f l u x  was va r i ed ,  
qgun = 1.46 x lo3, 1.88 x 103. and 2.13 x 103 kG - cm2. 
i n n e r  e l e c t r o d e  f l u x  was increased ,  a delayed negat ive  s i g n a l  i n d i c a t i v e  of 

As a r e s u l t  the peak amplitude lAB,I = 20 kG is 

Figure 6 shows an example of the diamagnetic loop s i g n a l s  

= 1.8 x lo3 kG - cm2. The 

As the  
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t h e  plasma f r o n t  r e tu rn ing  t o  the  gun occurred ear l ie r  i n  t i m e .  It does not  
appear  i n  t h e  f i r s t  of these  s h o t s  because i t  occurred a f t e r  the record ing  
time i n t e r v a l  shown i n  F igure  7.  
Figure  3 t h a t  i s  expected t o  occur  if the  s o l o i d a l  f i e l d  l i n e s  do not  
reconnect  

Again t h i s  is the  behavior sketched i n  

The s i g n a l s  i n  F igures  4 t o  7 are a small subset  of our  da ta .  In  
genera l  we have found t h a t  propagat ion d i s t a n c e  of f i e l d  reversed plasma 
i n c r e a s e s  wi th  ( 1 )  i n c r e a s i n g  gun bank d ischarge  energy (up t o  200 kJ),  
(2) decreas ing  i n n e r  e l e c t r o d e  f lux ,  and (3)  decreasing guide f i e l d .  This 
i s  expected from t h e  e n e r g e t i c s  of po lo ida l  f i e l d  l i n e s  s t r e t c h i n g  but no t  
breaking f r e e  from the  gun. 
t r a n s l a t i o n a l  energy was i n  a l l  ca ses  i n s u f f i c i e n t  t o  compress the plasma 
when i t  reached the  funnel  shaped f l u x  conserver  a t  t he  mir ror  t h r o a t .  
t h e  f i e l d  reversed plasma reached t h e  funnel  en t rance  (170 cm from the  gun) 
it s tagnated  t h e r e  and d id  not  propagate i n t o  t h e  mir ror  region.  
In t roducing  a nega t ive  g rad ien t  i n  guide f i e l d  dB/dz - 0.7 kG/m a t  the  
funnel  was s u f f i c i e n t  t o  f o r c e  f i e l d  reversed plasma through the  funnel  ( z  = 
288 cm from the  gun). In  a l l  ca ses  the f i e l d  reversed plasma would 
propagate  ou t  from the  gun i n  a few Psec and then r e t u r n  to  the gun on a 
much slower time s c a l e  of the  order  30 Psec. The t i m e  behavior of the  
diagmagnetic loop data  p lus  recent  HeNe in t e r f e romet ry  a t  the  e x i t  of the  
gun suggest  t h a t  slow plasma a t  the  gun muzzle i s  i n h i b i t i n g  reconnect ion.  

I n  a uniform guide f i e l d  the  plasma 

I f  

The magnitude of f i e l d  reversed polo ida l  f l u x  produced by the gun, the  
r a d i a l  size of plasma and the  ease  wi th  which reproducib le  plasmas wi th  good 
symmetry and s p a t i a l  coherence can be generated a r e  a l l  encouraging for our 
eventua l  goal  of provid ing  a f i e l d  reversed t a r g e t  plasma f o r  n e u t r a l  beam 
i n j e c t i o n .  However, i n  order  t o  ob ta in  adequate l i f e t i m e  the  polo ida l  f i e l d  
l i n e s  must be made t o  reconnect  t o  avoid excess ive  thermal conduction back 
t o  the  gun e l e c t r o d e s .  Methods f o r  accomplishing reconnect ion mus t  i n h i b i t  
slow plasma from f i l l i n g  the  reg ion  between t h e  gun and downstream f i e l d  
reversed plasma. A t  p resent  t h r e e  methods seem worthy of i n v e s t i g a t i o n ;  (1)  
a pulsed pinching c o i l  a t  t h e  gun muzzle, (2 )  a passive slow plasma d i v e r t e r  
near  t he  gun muzzle and ( 3 )  reduct ion  of t he  gas input  t o  the  gun 
s u b s t a n t i a l l y  below the  50 atm - em3 f o r  the  experiments repor ted  here .  
Some successes  have been obtained f o r  t he  f i r s t  two methods wi th  a mhd 
plasma s imula t ion  code (J. Eddleman and J .  Shearer ,  p r iva t e  communication). 
The t h i r d  method has been shown t o  work experimental ly  ( see  paper by 
T. Ja rboe ,  e t  a l . ,  a t  t h i s  workshop). 
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DIAQNOSTIC SIGNATURE OF CLOSED 
W BETA 11 PLASMA GUN DIAGNOSTIC SET.UP & FIELD LINE FORMATION 
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GUN-GENERATED COMPACT TORI  AT LOS ALAMOS* 

T. R. J a r b o e ,  I .  Henins ,  H. W. Hoida, R.  K. L i n f o r d ,  
J.  Marsha l l ,  D. A. P l a t t s ,  A .  R. Sherwood 

Los Alanos S c i e n t i f i c  L a b o r a t o r y ,  Los Alamos, New Mexico 87545 

ABS TRACT 

We have g e n e r a t e d  compact t o r o i d s  which can  b e  made t o  
come t o  rest i n  a c y l i n d r i c a l  r e s i s t i ve  f l u x  c o n s e r v e r .  
They are observed t o  r o t a t e  s o  t h a t  t h e i r  major a x i s  is 
p e r p e n d i c u l a r  t o  the  a x i s  of t h e  f l u x  c o n s e r v e r .  
Subsequen t ly  they appear  t o  remain s t a t i o n a r y  and decay 
wi th  a time c o n s t a n t  of about 100 DS. We have a l s o  
g e n e r a t e d  compact t o r o i d s  i n  an o b l a t e  geometry which 
remain a l i g n e d  with the  ax i s  of t h e  f l u x  conse rve r  and 
decay with a time c o n s t a n t  of 150 p s .  The magnet ic  f i e l d  
r e c o n n e c t i o n  time f o r  compact t o r o i d  f o r m a t i o n  is measured 
i n  t h e  l a t t e r  c a s e  t o  be  much s h o r t e r  t h a n  t h e  decay t ime .  

A compact t o r o i d  i s  a t o r o i d a l  magnet ic  plasma containment geometry,  i n  
which no  conduc to r s  o r  vacuum chamber walls p a s s  through t h e  h o l e  i n  t h e  
t o r u s .  T h i s  l a t t e r  p r o p e r t y  cou ld  ease t h e  c o n s t r a i n t s  upon t h e  c o n s t r u c t i o n  
and maintenance of a r e a c t o r .  For example, i t  would a l l o w  t h e  r e a c t i n g  plasma 
t o  be t r a n s l a t e d .  A compact t o r o i d  could c o n t a i n  bo th  p o l o i d a l  and t o r o i d a l  
f i e l d  components. Compact t o r o i d s  c r e a t e d  w i t h o u t  t h e  u s e  of t o r o i d a l  f i e l d  
have been observed i n  experiments.1'2 T h i s  pape r  r e p o r t s  t h e  p r o d u c t i o n  of 
compact t o r o i d s  w i t h  t o r o i d a l  f i e l d  u t i l i z i n g  i n  p a r t  a t e c h n i q u e  p ionee red  by 
Alfven et a h 3  b u t  extended by us  t o  a h i g h e r  t e m p e r a t u r e  f u l l y  i o n i z e d  plasma 
regime. I n  t h e  p r e s e n t  experiment  a s o l e n o i d a l  c o i l  i s  p laced  i n s i d e  t h e  
i n n e r  e l e c t r o d e  of a c o a x i a l  plasma gun. T h i s  c o i l  produces a x i a l  magnetic 
f i e l d  i n s i d e  t h e  i n n e r  e l e c t r o d e  which d i v e r g e s  and becomes a l a r g e l y  r a d i a l  
f i e l d  i n  f r o n t  of t h e  gun muzzle. When t h e  gun is  f i r e d ,  t h e  emerging plasma 
s t r e t c h e s  the r a d i a l  f i e l d  l i n e s  i n  t h e  a x i a l  d i r e c t i o n  away from t h e  gun. 
These e longa ted  f i e l d  l i n e s  r econnec t  behind t h e  plasma forming t h e  c l o s e d  
p o l o i d a l  f i e l d  of t h e  compact t o r o i d ,  while t h e  magne t i c  f i e l d  gene ra t ed  by 
t h e  gun c u r r e n t  becomes the embedded t o r o i d a l  f i e l d .  The major a x i s  of t h e  
compact t o r o i d  w i l l  t h e n  c o i n c i d e  w i t h  t h e  ax i s  of t h e  c o a x i a l  gun. 

The l e n g t h  of t h e  c o a x i a l  gun used i n  o u r  expe r imen t s  i s  0.70 m ,  and i t s  
i n n e r  and o u t e r  e l e c t r o d e s  have r a d i i  of 0.10 m and 0.15 m r e s p e c t i v e l y .  For 
the r e s u l t s  r e p o r t e d  h e r e ,  t h e  t o t a l  D2 g a s  pu f fed  i n t o  t h e  gun w i t h  a f a s t  
valve is 0.75 a n 3  atm. About 150 us a f t e r  t h e  gas is p u f f e d ,  t h e  gun is 
e n e r g i z e d  wi th  a 37-pF c a p a c i t o r  bank cha rged  t o  45 kV. About 2 p s  a f t e r  t h e  
i n i t i a t i o n  of the d i s c h a r g e  t h e  c u r r e n t  peaks w i t h  a v a l u e  of 0.8 MA, and i t  
reverses i n  about  4.5 ps. The gun c u r r e n t  h a s  f a l l e n  t o  about  one-third of 
i t s  peak v a l u e  a t  3.5 ps when t h e  plasma c u r r e n t  s h e a t h  r e a c h e s  t h e  gun 
muzzle. The gun a b s o r b s  almost  a l l  of t h e  i n i t i a l  energy i n  t h e  c a p a c i t o r  
bank d u r i n g  t h e  f i r s t  2 . 5  p s  of t h e  d i s c h a r g e .  The a d d i t i o n  of a magnet ic  

*Work suppor t ed  by t h e  U.S. Department of Energy. 
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"b ia s"  f i e l d  between t h e  gun e l e c t r o d e s  p a r a l l e l  t o  t h e  a x i s  of t h e  gun a l l o w s  
i t  t o  be operated w i t h  much smaller gas  l o a d s  and makes t h e  gun d i s c h a r g e s  
more r e p r o d u c i b l e .  

Using t h i s  magnet ized plasma gun w e  have produced compact t o r o i d s  i n  two 
d i f f e r e n t  f l u x  conse rve r s .  The f i r s t  i s  a s t a i n l e s s  s t ee l  c y l i n d e r  which is 
0.46  cm i n  d i ame te r ,  1.2 m l o n g ,  and 1.6 mm t h i c k .  Both ends are open. T h i s  
c y l i n d e r  i s  a l i g n e d  t o  be  c o a x i a l  w i t h  t h e  plasma gun, and i t  i s  p l a c e d  0.13 m 
f rom t h e  m u z z l e .  To make measurements i n  t h i s  f l u x  c o n s e r v e r  we have  employed 
a s  d i a g n o s t i c s :  magnet ic  p robes ,  s p e c t r o s c o p i c  o b s e r v a t i o n  of CV r a d i a t i o n ,  
and an i n f r a r e d  i n t e r f e r o m e t e r .  When t h e  plasma emerges from t h e  gun muzzle,  
t h e  magnetic probes s e n s e  a d i s t u r b a n c e  which p r o p a g a t e s  a t  a v e l o c i t y  of 
abou t  IO6 m/s i n t o  the  res i s t ive  f l u x  conse rv ing  s h e l l .  For low values of 
i n i t i a l  a x i a l  f l u x  i n s i d e  t h e  i n n e r  e l e c t r o d e  of t h e  gun t h e  plasma pushes  t h e  
plasma-magnetic f i e l d  c o n f i g u r a t i o n  completely through t h e  s h e l l  and ou t  t h e  
o t h e r  e n d ,  whereas f o r  high f l u x  v a l u e s  t h e  c o n f i g u r a t i o n  b a r e l y  leaves t h e  
gun. For an i n t e r m e d i a t e  v a l u e  of 0.015 Wb, which was used f o r  t h e  d a t a  
r e p o r t e d  h e r e ,  t h e  d i s t u r b a n c e  p r o p a g a t e s  i n t o  t h e  f l u x  c o n s e r v e r  and 
e s s e n t i a l l y  s t o p s ;  t h e n ,  w i t h i n  t h e  accu racy  of ou r  measurements,  r e c o n n e c t i o n  
o c c u r s  and t h e  c o n f i g u r a t i o n  remains with l i t t l e  o r  no a x i a l  motion. The 
compact t o r o i d s  gene ra t ed  i n  t h i s  f l u x  c o n s e r v e r  are observed t o  r o t a t e  so 
t h a t  t h e  axis of t h e  compact t o r o i d  i s  p e r p e n d i c u l a r  t o  t h e  axis of the f l u x  
c o n s e r v e r O 4  See F i g .  1. This t i p p i n g  h a s  been p r e d i c t e d  from a 6W 
c a l c u l a t i o n  which shows t h a t  p r o l a t e  compact t o r o i d s  are u n s t a b l e  t o  
t i p p i n g . 5  A f t e r  r o t a t i o n  t h e  compact t o r o i d  assumes a r a c e t r a c k  shape  which 
i s  o b l a t e - l i k e .  F i g u r e  2 shows t h e  magnet ic  f i e l d  on axis and a l s o  on a 
d i ame te r  a t  t h e  m i d p l a n e  of t h e  f l u x  Conserver.  These d a t a  a r e  c o n s i s t e n t  
w i t h  a r o t a t e d  compact t o r o i d  where the  q u a n t i t i e s  l a b e l e d  B, and B r  are two 
components of t h e  t o r o i d a l  f i e l d  and Be  i s  t h e  p o l o i d a l  f i e l d .  The p o l o i d a l  
f l u x  can be e s t i m a t e d  from t h e s e  d a t a  t o  b e  two-thirds  of t h a t  which was put 
on t h e  gun i n i t i a l l y .  Flux loops  p l aced  on t h e  o u t s i d e  s u r f a c e  of t h e  f l u x  
conse rve r  show t h a t  t h e  motion of t h e  compact t o r o i d  remains t h e  same when t h e  
i n t e r n a l  probes are  removed. However, t h e  magne t i c  f i e l d  decay time i n c r e a s e s  
from 40 us t o  100 us. 

Using a double-pass 3.4-pm HeNe i n t e r f e r o m e t e r  w e  have de te rmined  t h a t  
t h e  ave ra  e d e n s i t y  on a diameter a t  t h e  midplane of t h e  f l u x  c o n s e r v e r  is 

magnet ic  f i e l d s .  We obse rve  t h e  e x i s t e n c e  of C V  r a d i a t i o n  f o r  o v e r  150 vs if 
a l l  probes are removed, which i m p l i e s  t h a t  t h e r e  are e l e c t r o n  t e m p e r a t u r e s  of 
o v e r  70  eV throughout  much of t h e  compact t o r o i d ' s  l i f e .  

abou t  10 1& /cm 3 . The t i m e  h i s t o r y  of t h e  d e n s i t y  is similar t o  t h a t  of t h e  

We have produced compact t o r o i d s  when an i n i t i a l  a x i a l  magnet ic  "guide" 
f i e l d  was e s t a b l i s h e d  w i t h i n  t h e  c y l i n d r i c a l  s t a i n l e s s  s tee l  flux conse rve r .  
I n  t h e  p re sence  of t h i s  f i e l d  t h e  compact t o r o i d  was s t i l l  obse rved  to r o t a t e  
as desc r ibed  above. However, t h e  c h a r a c t e r i s t i c  decay time of t h e  magnet ic  
f i e l d  c o n f i g u r a t i o n  was only 10-15 ps, i .e.,  much s h o r t e r  t han  comparable 
c o n d i t i o n s  without  t h e  guide f i e l d .  We s p e c u l a t e  t h a t  t h e  r a p i d  d e s t r u c t i o n  
i n  t h e  guide f i e l d  c a s e  is due t o  r e c o n n e c t i o n  of magne t i c  f i e l d  l i n e s  i n  t h e  
h i g h  shea r  r e g i o n s  which occur  a f t e r  t he  t o r o i d  r o t a t e s ,  open ing  p r e v i o u s l y  
c l o s e d  f i e l d  l i n e s .  

I n  an a t t empt  t o  s t a b i l i z e  t h e  t i p p i n g  of compact t o r o i d s  produced by t h e  
magnetized gun, we have g e n e r a t e d  compact t o r o i d s  i n  a second f l u x  c o n s e r v e r  
hav ing  an o b l a t e  r e g i o n  i n c o r p o r a t e d  i n  i t s  geometry.  T h i s  f l u x  conser-der i s  
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Fig. 1. 
Schematic of the compact toroid's positions h e f o r e  and after its major axis 
rotates goo. 
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Fig. 2 .  
Mnp.iiet l c  I l e l d  p r o f i l t b f i  O I I  t l i c  i i x t s  nnd across tlre midplane of t h e  p r o l a t e  
f l u x  coneerver at 25 bs after the gun I s  f i r e d .  
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made of 0.8-mm-thick coppe r ,  and a cross s e c t i o n  of i t  is shown i n  F i g .  3 -  
The plasma from t h e  magnetized gun is  i n j e c t e d  from t h e  l e f t  through t h e  
0.34-E-diameter e n t r a n c e  c y l i n d e r  i n t o  t h e  c o n f i n i n g  r e g i o n .  With t h i s  
geometry t h e  t i p p i n g  no l o n g e r  o c c u r s  and t h e  c o n f i g u r a t i o n  is s t a b l e  
th roughou t  i t s  l i f e  time. We a l s o  t r i e d  a 0.46-m d iame te r  e n t r a n c e  c y l i n d e r  
and found t h a t  t h e  compact t o r o i d  s t i l l  t i p p e d .  With t h e  e l i m i n a t i o n  of t h e  
c o m p l i c a t i o n  of t i p p i n g ,  t h r e e  d i s t i n c t  time scales emerge. The f i r s t  
( -  1 u s )  i s  the  time r e q u i r e d  t o  f i l l  t h e  f l u x  c o n s e r v e r  w i t h  magne t i c  f i e l d  
and plasma. The second ( -  12 ps) i s  t h e  t ime f o r  t h e  decay of  t h e  f i e l d s  i n  
t h e  entranc.e c y l i n d e r .  F igu re  4a shows t h i s  decay.  We i n t e r p r e t  t h i s  decay 
a s  be ing  due t o  f l e l d  l i n e  r e c o n n e c t i o n  which is completed i n  about  30 PS= 
The t h i r d  time (- 150 DS) i s  t h e  c h a r a c t e r i s t i c  t i m e  f o r  t h e  decay of t h e  
f i e l d s  i n  t h e  flux c o n s e r v e r  measured a f t e r  r e c o n n e c t i o n  h a s  occur red .  
F i g u r e  4b shows t h i s  decay. I t  is i n t e r e s t i n g  t o  o b s e r v e  t h a t  t h e  t h r e e  t i m e  
s c a l e s  1 ps, 12 ps, and 150 ps have t h e  p r o p e r  r e l a t i v e  v a l u e s  t o  b e  a n  Alfven 
t i m e ,  a r e s i s t i v e  t e a r i n g  t i m e ,  and a r e s i s t i v e  decay time r e s p e c t i v e l y .  6 
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* -- PLASMA GUN - - 1 ENTRANCE 
REGION 

t CONFINEMENT 
REGION 0.34 

FLUX 1 
CON SERVER 

F i g .  3 .  
Schematic of t h e  geometry f o r  c r e a t i n g  a s t a b l e  compact t o r o i d .  
symmetric w i t h  dimensions g iven  in meters. 

It is axially 
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F i g -  4. 
P l o t s  of the a x i a l  component of t h e  magnet ic  f i e l d  on a x i s  e t  v a r i o u s  t imes .  
F i g u r e  4a shows p l o t s  a t  v a r i o u s  times d u r i n g  t h e  decay of t h e  f i e l d  i n  the  
e n t r a n c e  c y l i n d e r .  The time e l apsed  between p l o t s  is 5 DS. Figure 4b shows 
p l o t s  a t  v a r i o u s  times dur ing  t h e  decay of t h e  compact t o r o i d  and the  time 
between p l o t s  he re  i s  50 ps. The gun d i s c h a r g e  i s  i n i t i a t e d  a t  t = O  and t h e  
p l o t  l a b e l e d  t = O  shows t h e  v a l u e  of t h e  a x i a l  component of t h e  magnet ic  f i e l d  
i n  t h i s  region due t o  the  c o i l s  which supply t h e  i n i t i a l  a x i a l  f l u x  f o r  t h e  
plasma gun. 

F i g u r e s  4b and 2a i l l u s t r a t e  t he  d rama t i c  d i f f e r e n c e s  in t h e  f i e l d s  on 
t h e  a x i s  of t h e  f l u x  conse rve r  f o r  t h e  s t a b l e  and r o t a t e d  t o r o i d .  I f  i t  does 
n o t  t i p  then one e x p e c t s  t o  have only BZ on a x i s  as i s  t h e  case  i n  F i g .  4b 
( t h e  peak t r a n s v e r s e  components a r e  measured t o  be  less than 15% of  the  peak 
BZ and are not shown). When the compact t o r o i d  r o t a t e s  90' one then e x p e c t s  
t o  have only t r a n s v e r s e  components on a x i s .  Fig.  2a shows t h e  t r a n s v e r s e  
components (Be and Br) t o  be much l a r g e r  t han  B,. Thus,  t h e  measurement of 
a l l  components of t h e  magne t i c  f i e l d s  on t h e  ax i s  of t h e  f l u x  c o n s e r v e r  is a 
power fu l  means of de t e rmin ing  t h e  e x t e n t  of t i p p i n g .  

CONCLUSION 

A compact t o r o i d a l  plasma c o n f i g u r a t i o n  is g e n e r a t e d  i n  a c y l i n d r i c a l  
res is t ive f l u x  conse rve r  u s i n g  a magnet ized c o a x i a l  plasma gun. I f  t h e  
i n i t i a l  p o l o i d a l  f i e l d  s t r e n g t h  of t h e  magnet ized gun i s  a d j u s t e d  
a p p r o p r i a t e l y  t h e  c o n f i g u r a t i o n  i s  observed t o  s t o p  w i t h i n  t h e  f l u x  c o n s e r v e r -  
F o r  a s t r a i g h t  c y l i n d r i c a l  f l u x  c o n s e r v e r  t h e  axis  of t h e  t o r o i d  i s  observed 
t o  r o t a t e  so t h a t  i t  is o r t h o g o n a l  t o  t h e  o r i g i n a l  axis of symmetry.  Af t e r  
t h i s  r o t a t i o n ,  t h e  deformed t o r o i d  a p p e a r s  t o  be MHD s t a b l e  and decays away 
w i t h  about  a 100-us t i m e  c o n s t a n t .  CV r a d i a t i o n  i s  observed throughout  t h e  
l i f e t i m e  of t h e  magnet ic  f i e l d  s t r u c t u r e .  I n t e r f e r o m e t r i c  measurements show 
a n  i n i t i a l  v a l u e  of about  1014 ~ m ' ~  and a l i f e t i m e  f o r  t h e  plasma d e n s i t y  
s i m i l a r  t o  t h e  magnet ic  f i e l d  l i f e t i m e .  When a compact t o r o i d  i s  g e n e r a t e d  i n  
a n  o b l a t e  f l u x  conse rve r  under  p r o p e r  c o n d i t i o n s  i t  does no t  t i p  as v e r i f i e d  
bv t h e  f a c t  t h a t  t h e  t r a n s v e r s e  f i e l d s  on a x i s  a re  small  compared t o  t h e  a x i a l  
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f i e l d .  I n  t h i s  s t a b l e  c a s e  t h e  r e c o n n e c t i n g  time (12 us) can be  observed and 
i t  is  much s h o r t e r  than t h e  decay time of t h e  f i e l d s  of t h e  compact t o r o i d  
(150 11s)- 
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Two-Dimensional Modeling of t h e  Formation of t h e  
S-1 Spheromak 

S. C. J a r d i n ,  H. P. Fu r th ,  M. Okabayashi, W. Park,  M. Yamada 
Plasma Physics  Laboratory,  P r i n c e t o n  U n i v e r s i t y  

P r i n c e t o n ,  New J e r s e y  08544 

A two-dimensional (axisymmetr ic)  computat ional  model has r e c e n t l y  been 
developed t o  s o l v e  the  r e s i s t i v e  MHD e q u a t i o n s  over t he  time s c a l e ,  i n  the 
geometry,  and with t h e  boundary c o n d i t i o n s  a p p r o p r i a t e  t o  t h e  s tudy  of  t h e  
fo rma t ion  of t h e  S-1 spheromak. Since the unique f e a t u r e  of t h i s  d e v i c e  i s  
t h e  i n d u c t i o n  o f  bo th  t o r o i d a l  and p o l o i d a l  c u r r e n t s  i n t o  t h e  plasma, t h e  
plasma boundary c o n d i t i o n s  a r e  formulated i n  terms of  e l ec t r i c  f i e l d s  which 
are coupled i n t o  t h e  external  c i r c u i t  e q u a t i o n s  which are solved s imutaneously 
w i t h  t h e  plasma e v o l u t i o n  equa t ions .  

F i g u r e  1 i s  a schematic  diagram of the  components a f f e c t i n g  the magnet ics  
of  t h e  S-1 spheromak dev ice .  There a r e  two top-bottom p a i r s  of e q u i l i b r i u m  
f i e l d  (EF) c o i l s  l o c a t e d  o u t s i d e  of  t h e  vacuum chamber a t  R = 0.8 m ,  Z = f 1 . n  

m and R = 1 . 5  m y  Z = 333.825 m. The s k i n  t i m e  o f  t h e  chamber w a l l s  i s  s h o r t  
compared t o  the r i s e  time of these  c o t l s  but long compared t o  tlic pulse  time 
of t h e  experiment so t h a t  the s t a t i c  f i e l d s  from the EF c o i l s  a r e  e f f e c t i v e l y  
" f rozen  i n "  the chamber walls. 

The f l u x  c o r e  i s  l o c a t e d  on the symmetry plane with a major r a d t u s  o f  1.0 
meter and a minor r a d i u s  of 18.0 r e n t i m e t e r s .  I n s i d e  t h e  flux core a r e  t h e  
p o l o i d a l  windings of t h e  t o r o i d a l  f i e l d  c o i l  (TC) c i r c u i t  and the t o r o i d a l  
windings of  t h e  p o l o i d a l  € i e l d  c o i l  (PC) c i r c u i t .  These two sets of  windings 
a r e  connected by l e a d s  t o  the PC and TC sets of c a p a c i t o r  banks. Surrounding 
t h e  f l u x  co re  i s  a t h  n m e t a l l i c  l i n e r  of  t h i c k n e s s  10 m i l l s  and with 
r e s i s t i v i t y  12 X 10 -' Ohm-meters. "he re  are 15 t u r n s  i n  the TC windings and 
1 t u r n  i n  the  PC. The TC c i r c u i t  has  a c a p a c i t o r  of 2320 Pf charged t o  16.3 
kV and has 0.772 m - 0 h  r e s i s t a n c e .  The PC c i r c u i t  has 1870 u f  c a p a c i t o r  and 
0.340 m - O h  re si s t a n c e  . 

F i g u r e  2 shows t h e  computed c u r r e n t s  i n  the c i r c u i t s ,  l i n e r ,  and plasma 
a s  a f u n c t i o n  of  t h e  time t. The EF and PC c u r r e n t s  have brought up slowly so 
t h a t  t hey  have the v a l u e s  - 220 kA and 500 kA r e s p e c t i v e l y  a t  time t = 0 when 
the  plasma i s  p re ion tzed .  A t  t = 0 t h e  TC c a p a c i t o r  hanks are d i scha rged  and 
s imutaneous ly  t h e  PC c i r c u i t  current i s  decreased by cha rg ing  the PC 
c a p a c i t o r s .  The c u r r e n t s  i n  the  TC and PC c i r c u i t s  are crowbared and allowed 
t o  decay r e s i s t i v e l y  a t  time t = 100 psec and t = 140 psec r e s p e c t i v e l y .  In 
r e sponse  t o  t h e  changing c i r c u i t  c u r r e n t s ,  p o l o i d a l  and t o r o i d a l  c u r r e n t s  a r e  
induced i n t o  the  l i n e r  and plasma a s  i n d i c a t e d  i n  the  f i g u r e .  

Figure 3 (a )  shows the computat ional  g r i d  used i n  t h e  c a l c u l a t i o n .  A 
nonorthogonal  g r i d  was u t i l i z e d  so t h a t  c e l l  boundaries  a l i g n  with phys ica l  
boundar i e s  a l lowing  a c c u r a t e  computat ion o f  boundary c o n d i t i o n s .  Figure 3 ( b )  
shows t h e  p o l o i d a l  magnet ic  f lux  d i s t r i b u t i o n  a t  time t = 0. Only the 
c o n t o u r s  on t h e  upper h a l f  plane are p l o t t e d  s i n c e  t h e  dev ice  i s  symmetric 
about  t h e  midplane.  The lower part o f  F ig .  3(b)  shows t h e  p o l o i d a l  f l ux  on 
t h e  midplane p l o t t e d  a g a i n s t  t h e  major r a d i u s  R. 

1 5 5  



F i g u r e  4 shows t h e  d i s t r i b u t i o n  o f  t h e  p o l o i d a l  magnetic f l u x ,  t h e  
t o r o i d a l  c u r r e n t ,  t h e  t o r o i d a l  magnetic f i e l d ,  and the  p o l o i d a l  c u r r e n t  a t  
time t = 125 psec . The e v o l u t i o n  of t h e s e  q u a n t i t i e s  i s  determined by 
r e s i s t i v e  d i f f u s i o n  combined wi th  t h e  e q u i l i b r i u m  c o n s t r a i n t  which d i c t a t e s  a 
p r e f e r e n t i a l  inward expansion. In Fig. 4 ( a ) ,  t h e  magnet ic  axis has formed and 
moved inward t o  R = 0.6 m and many c l o s e d  magnet ic  f i e l d  l i n e s  now ex is t .  A 
l a r g e  t o r o i d a l  c u r r e n t  e x i s t s  i n  Fig. 4 ( h )  c e n t e r e d  about t h e  magnet ic  axis.  
From Fig.  4 ( c ) ( d )  i t  i s  seen that the t o r o i d a l  f i e l d  a l s o  has a maximum a t  the 
magnetic a x i s ,  and most o f  t h e  p o l o i d a l  c u r r e n t  i s  c i r c u l a t i n g  about t h i s  
po in t .  

F i g u r e  5 shows t h e  f i e l d s  and c u r r e n t s  a t  time t = 250 psec a f t e r  t h e  
spheromak c o n f i g u r a t i n  i s  f u l l y  formed. The magnetic axis i s  now l o c a t e d  a t  R 
-. 0.48 m. This c o n f i g u r a t i o n  w i l l  s lowly decay,  on a time scale determined by 
the S p i t z e r  r e s i s t i v i t y ,  and hence the  t empera tu re ,  o f  t h e  c e n t r a l  r e g i o n .  
Reasonable e s t ima ted  of r a d i a t i v e  and t r a n s p o r t  l o s s e s  suggest  a c e n t r a l  
temperature  of  s e v e r a l  hundred e l e c t r o n  v o l t s  which would imply a l i fe t ime of  
s e v e r a l  m i l l i s e c o n d s .  

The c a l c u l a t i o n s  presented h e r e  have used a s u h s e t  of  the MHD eqriat€ons 
obtained by s e t t i n g  the  plasma pressure t o  zerq. 
approximation i s  v a l t d  i f  the  plasma D 1-1 p/R i s  small. The plasma 
r e s i s t i v i t y  u3s that of a 20 eV S p i t z e r  vayue with e x t r a  enhancement u p  t o  10 
times near  the conduc to r s  (where the  temperature  i s  expected t o  be low) and 
where t h e  s t reaming parameter VD/VTe t s  l a r g e .  More r e c e n t  c a l c u l a t i o n s  w i t h  
f i n i t e  p r e s s u r e ,  a f u l l  energy e q u a t i o n  w i t h  r a d i a t i o n  losses ,  ohnic  h e a t i n g ,  
and d i f f u s i o n ,  and with a s e l f - c o n s i s t e n t  plasma r e s i s t i v i t y  show 
q u a l i t a t i v e l y  the  same behavior .  

This force f r e e  
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C i r c u i t  
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S - l  S P H E R O M A K  

Fig. 1. The  m a g n e t i c  c o m p o n e n t s  of t h e  S - 1  s p h e r o m a k .  

F i g .  2 .  T i m e  h i s t o r i e s  of t h e  c u r r e n t s  i n  t h e  c i r c u i t s ,  l i n e r ,  
and  plasma. 
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THE OHTE PLLASNA CijNFIIIE!:ENi: COhCEPT 

M .  J .  S c h a r ' f e r ,  M .  S .  Chu,  C .  Chu,  R ,  R .  G o f o r t h  
R .  La Haye,  T. Ohkawa, T .  Yamagish i  

Because  i t  a p p r o x i m a t e s  n T a y l o r  e q u i l i b r i u m , '  t h e  r e v e r s e d  f i e l d  p i n c h  
( R F P )  i s  a v e r y  a t t r a c t i v e  plasma c o n i i n m e n t  c o n f i g u r a t i o n .  I n  p r a c t i c e ,  
t r a n s p o r t  p r o c e s s e s  d i s t o r t  T a y l o r  e q u i l i b r i a  by o v e r h e e c i n g  t h e  i n t e r i o r -  
and c o o l i n g  t h e  edge .  I n t e r i o r  t u r b u l e n c e  a s s o c i a t e d  w i t h  t h e  fo rmer  may be 
t o l e r a b l e 3 ,  b u t  t h e  t u r b u l e n t  c o r e  must  be  s u r r o u n d e d  by a n  e f f e c t i v e  con-  
f inement  l a y e r .  I n  RFPs t h i s  is t , b t a ined  by r e v e r s a l  of  t h e  a x i a l  f i e l d ,  
and t h e  c o r r e s p o n d i n g  T a v l o r  p r o t i l c ?  has l a r g e  p lasma c u r r e n t s  o u t  t o  a con-  
duc t ing  w a l l .  I n  p r a c t i c e . ,  t 6 i t - ~ , ; t ~  I : u r r c n t  g r . t d i t ? n t s  d e v e l o p  near  the c d ~ e  
which s e r i o \ i s l v  r r s t r  i c t  the p,\r,iinc:t:r r ange  c o n s i s t e n t  w i t h  !ItlD s t a b i l  Ltv  
i n  ttie critical c o n t : i n m t * u t  ~ , i v a r '  9 ' .  

3 

The OHTE c o n f i g u r a t i o n h  < i t t e m p t s  t o  improve t h e  p r o p e r t i c s  o f  t h e  con-  
f inement  l a y e r  b y  a d d i n g  h e L i c , i l  w i n d i n g s  a round  t h e  p i n c h  ( F i g .  1 ) .  T h i s  
has a number o f  c o n s e q u e n c e s ,  t h e  most n o t a b l e  of  which  is  t o  combine  w i t h  
the p r e d o m i n a n t l y  a z i m u t h a l  f i e l d  o f  t h e  p i n c h  t o  p r o d u c e  a n  a x i a l  ar t r a n s -  
l a t i o n a l  t r a n s f o r m ,  a l s o  shown i n  F i g .  1 .  ( T h i s  t r a n s f o r m  is a n a l o q o u s  t o  
the wel l -known r o t a t i o n a l  t r a n s f o r m  o f  a p r e d o m i n a n t l y  a x i a l  f i e l d . ' )  Both 
t h e o r e t i c a l  and n u m e r i c a l  a n a l y s e s  show t h a t  t r a n s l a t i o n a l  t r a n s f o r m ' e s s e n -  
t i a l l y  a d d s  a l g e b r a i c a l l y  t o  f i z l d  l i n e  p i t c h  a r i s i n g  f rom plasma c u r r e n t s .  
The t r a n s f o r m  i s  o n l y  weakly  d e p e n d e n t  on l o c a l  c u r r e n t s ;  i t  d e p e n d s  on t h e  
g loba l  p lasma a z i m u t h a l  f i e l d  and t h e  a p p l i e d  h e l i c a l  w ind ing  f i e l d .  The 

F i g .  1 .  OHTE p lasma c o n f i n e m e n t  
c o n f i g u r a t i o n  i n  s t r a i g h t  
geomet ry  
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d i r e c t i o n  of  t h e  t r a n s f o r m  i s  d e t e r m i n e d  by t h e  w i n d i n g  d i r e c t i o n ,  s i n c e  
f i e i d  l i n e s  a r e  b e n t  toward  t h e  w i n d i n g  p i t c h .  T r a n s l a t i o n a l  t r a n s f o r m  is  
q u i t e  l o c a l i z e d ;  i t  decays a l m o s t  e x p o n e n t i a l l y  from the  s u r f a c e  w i t h  an 
e - f o l d  d i s t a n c e  o f  a b o u t  10% or' t h e  a v e r a g e  p lasma r a d i u s .  I t  i s  a l w a y s  
h i g h l y  s h e a r e d  n e a r  t h e  edge .  T h e r e f o r e ,  t h e  h e l i c a l  w i n d i n g  i n  OHTE is  
used t o  e s t a b l i s h  o r  e n h a n c e  p i t c h  r e v e r s a l  a r o u n d  a 2 - p i n c h ,  C u r r e n t  n e a r  
t he  edge  may be small o r  z e r o ,  c o n s i s t e n t  w i t h  t r a n s p o r t .  The g r a d i e n t  of  
3 = T . $/32 = j ! \ / B ,  which  i s  a m a j o r  f a c t o r  d r i v i n g  sur face  t ea r ing  i n s t a -  
b i l i t i e s  ," 9 i s  g r e a t l y  r educed  t h e r e b y .  Xumer ica l  e v a l u a t i o n  o f  t h e  s t a -  
b i l i t v  c r i t e r i o n  € o r  l o c a l  i n t e r c h a n g e  modes i n  h e l i c a l  geomet ry8  c o n f i r m  
t h a t  t h e  t r a n s f o r m  c o n t r i b u t i o n  t o  she:?r a l s o  c o n t r i b u t e s  t o  s t a b i l i t y .  

As i n  o t h e r  h e l i c a l  conf  i :< i i t -a t iQi i s ,  t h e  OHTE c o n t i g u r o t i o n  p o s s e s s e s  a 
h c l i c a l  s e p a r a t r i s  ( F i g .  2 ) .  Trnnsfor in  is G r e a t e s t  n e a r  t h e  s e p a r a t r i s .  
( I t  .is a c c u a l l y  e q u a l  t o  t h e  'winding p i . t ch  a t  t h e  s s p a r a t r i x ,  where  t h e  
a d d i t i v i t y  o f  p i t c h  and t r a n s f o r m  breaLs down. However, t h e  volume o f  s u c h  
s t r o n g l y  a f f e c t e d  f i e l d  L i n e s  i s  n e g l i c i b l y  s m a l l . )  S i n c e  f i e l d  l i n e s  o u t -  
s i d e  t h e  s e p a r a t r i x  i n t e r c e p t  n e a r b y  s t r u c t u r e  ( e . % . ,  w a l l ,  c o i l s ,  c o i l  
l e a d s )  , t h e  plasma i s  n a t u r a l l y  bounded b y  i t s  s e p a r s t r i s ,  which  a l s o  s e r v e s  
as a m a g n e t i c  l i m i t e r  t o  r e d u c e  p l a sma-wa l l  i n t e r a c t i o n .  ( I t  i s  n o t e w o r t h y  
t h a t  p r e l i m i n a r y  e x p e r i m e n t s  i n  Doub le t  111 w i t h  a n  a s i s y m m e t r i c  m a g n e t i c  
l i m i t e r ,  b u t  n o t  a d i v e r t o r ,  have  p r o d w e d  s u b s t a n t i a l  r e d u c t i o n  i n  t h e  
plasma i n p u r i t y  l e v e l g . )  
ar;r .  
a round  a p i n c h  c o r e  of c? g i v e n  c u r r e n t  v a r i e s  r o u g h l v  as < -  f o r  a g i v e n  
vo lune  o f  winding c o n d u c t o r ,  where  9. is the  number o f  w i n d i n g  p e r i o d s  i n  t h e  
a z i n u t h a l .  d i r e c t i o n .  ' T h e r e f o r e ,  .L = 1 ,i:id 1 = - ' w i n d i n g s  a r e  more f a v o r a b l e  
than  2 = 3 and  h i g h e r  in r e a c t o r  embodiment::. N e i t h e r  t h e  power n o r  t h e  
t r a n s f o r m  p r o f i l e  depend v e r y  s e n s i t i v r t v  on t h e  w i n d i n g  p i t c h .  

L i n e  t y i n g  m a y  h e l p  t o  s t a b i l i z e  t h e  plasma bound- 
The e l e c t r i c a l  power needed  t o  p r o d u c e  a s e p a r a t r i s  q t  a g i v e n  r a d i u s  

The OHTE-like T a y l o r  e q u i l i b r i u m  i s  o b t a i n e d  by s o l v i n g  t h e  YHI) e q u i -  
l i b r i u m  e q u a t i o n s  i n  h e l i c a l  geomet ry  s u b j e c t  t o  voJ  = b-6 w i t h  3 a c o n s t a n t .  
T ~ Q  r e s u l t  is10 

P 3 CONFIGURATION 

I 

'2 = 2 CONFIGURATION 

I 

I '  i 

U - I CONFIGURATION 

" 1 

F i g .  2 .  OHTE f l u s  s u r f a < - e s  i n  the  r z - p l ~ n e  € o r  : = 3 ,  2 and  1 
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?- 1 

Y = u/(Y ( 7 )  

Here F is  t h e  h e l i c a l  f l u s  f u n c t i o n ,  ?n/,u i s  t h e  t J1 i id ing  p i t c h .  and f o  a n d  
the am dre  a r b i t r a r y  constants. For I - , ;  rn t h e  J - B e s s e l  f u n c t i o n s  become 
I - m o d i f i e d  Bessel f u n c t i o n s .  A s  i n  RFPs, t h e  T a y l o r  s t a t e  Ius l a r g e  j i i  c u r -  
r e n t s  o u t  t o  t h e  w a l l .  However,  -1s a l r e a d y  p o i n t e d  o u t ,  t h e  OHTE p i t c h -  
r e v e r s e d  c o n f i g u r a t i o n  pers i s t s  if jII g o e s  t o  z e r o  o r  even  r e v e r s e s  s l i g h t l y  
i n  t h e  c o n f i n e m e n t  l a y e r .  Y u m e r i s a l  e q u i l i b r i a  w i t h  nonun i fo rm u a r e  g i v e n  
i n  a companion pape r" .  

I 

Plasma c u r r e n t  may a l s o  d r i v e  i d e a l  XHD k i n k  modes.  H e l i c a l  e f f e c t s  
a r e  l a r g e  i n  t h e  c o n f i n e m e n t  l a y e r ,  and a 3 - d i m e n s i o n a l  s t a b i l i t y  a n a l y s i s  
is r e q u i r e d  i n  g e n e r a l .  The p rob lem r e d u c e s  t o  two d i n e n s i o n s  i n  t h e  s p e c i a l  
ca se  where  t h e  mode and w i n d i n g  p i t c h e s  a r e  e q u a l  ( s y n c h r o n o u s  mode) .  We have  
a n a l y z e d  the  s y n c h r o n o u s  mode m f. 7, i n  a c o n s t a n t - u  f r e e - b o u n d a r y  p lasma of 
a v e r a g e  r a d i u s  a i n s i d e  a c i r c u l a r  c o n d u c t i n g  c y l i n d e r  o f  r a d i u s  b ,  u s i n g  
the method of  R o s e n b l u t h  and B u s s a ~ ' ~ .  Ir. is  f o u n d  t h a t :  1 )  t h e  most  u n s t a -  
b l e  mode i s  a n  m = 1 mode w i . t I i  s t r o n c  ;n f; 1 compcTnei\ts, and 2 )  t h e  s t c i S i l i t y  
window i s  t h e  same 3s f o r  a n  :n = I , k = 1.t mode> in L\ ,: i r c u l r i r  e q u i l i b r i u m  
w i t h  a = a .  T h i s  i s  ; in  l ~ i ~ ~ ~ ( j ~ . l ~ . , i ~ i . ~ ~ ~ ~  r l . ~ . ; ~ ~ l t ,  s i n c e  t h e  s y n c h r o n o u s  mode o r i e n t s  
i t s e l f  t o  res l in ; - i te  w i t l i  tticm W ~ * : I I , I \  it p o i l i t  i n  tlie I r e l i c . i l  c q u i l  i b r i u m .  Other 
w a v e l e n g t h s  ~ v e r n g c ?  o v e r  t I i I >  I 1 1 1  1 ,-alii ik:ttr;it ion  :qnd . ; l i t i i i l , i  t l iL*r t~ t ' l>re  he  more 
stable. For ,:(; = -0.03 , i n d  1): I = 1 . 2 5  tlir s v i i c l i r ~ ~ n ~ ~ l i s  rni>llc i s  st:iblt.? rip t o  

- 

- 
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uZ = 3 . 0 .  In a t o r o i d a l  p l d s m a  t h e  h e l i c a l  w i n d i n g  may be d e s i g n e d  s u c h  
t h a t  n l 2  i s  n o n i n t e g e r  i f  L?. # 1 ,  where  t i  is t h e  number of  w i n d i n g  p e r i o d s  
in :tie t o r o i d a l  d i r e c t i o n .  Then t h e  Lowest s y n c h r o n o u s  a z i m u t h a l  mode num- 
ber i s  m = e ,  r a t h e r  t h a n  m = 1 .  

The e f f e c t  o f  m a g n e t i c  f l e l d  e r r o r s  and  t o r o i d i c i t v  on t r a n s f o r m  n a v e  
been i n v e s t i g a t e d .  The f i e l d  e r r o r s  d u e  t o  t h e  i n s u l a t i n g  gap  i n  a conduc-  
t i n ?  s h e l l  were mode led ,  and t r a n s f o r m  p i t c h  r e v e r s a l  o f  a n  o t h e r w i s e  non- 
r e v e r s e d  model c o n f i g u r a t i o n  p e r s i s t e d  f o r  f i e l d  e r r o r s  a t  t h e  plasma s u r -  
f a c e  of  o v e r  7 2  of  t h e  p lasma a z i m u t h a l  f i e l d  t h e r e .  E s p e r i m e n t a l  f i e l d  
e r r o r s  c a n  b e  k e p t  much lower  t h a n  t h i s  l e v e l .  T o r o i d i c i t y  h a s  been  i n v e s -  
t i g a t e d  b y  f i e l d  l i n e  t r a c i n g  w i t h  s i m p l e  p l a sma  models  € o r  t h e  II - 3 ,  n = 
16 w i n d i n g  of  t h e  e x p e r i m e n t  d e s c r i b e d  b e l o w .  As i n  s t e l l a r a t o r ~ l ~ ,  t o r o i -  
d i c i t y  c a u s e s  t h e  l o s s  or' some of  t h e  o u t e r  f i e l d  L i n e s  and r e d u c e s  t h e  
amount o f  t r a n s f o r m  t h a t  c a n  lie ; ic l i i eved  i n  p r 3 c t i c I a .  These e f f e c t s  ; ire 
niinimizcicl b y  e i t h e r  ad just in\ :  t h t l  i ! L < i s i i i i i  r.?ti i.11. pt~s i t  i o n ,  S v  su i t , ab l , e  c h o i c e  
of t h e  Iic1,ical. c u r r e n t  (1istrihuL i t i i i ,  or. I>v , I  L ~ t ~ i i i t ~ i i ~ ; i t i o n  c,I: b o t h .  T h e  e i t ' e c t  
o i  B is  t o  s h i f t  the o i ~ t i n i ~ i r n  p1,lsiii;i I ) r ) . . i i t i o l >  1)v icw mm ( 0  
nrm, R, = 1240 mm). 

Lje 1 ,  J = IS0 

I n  o r d e r  t o  t r e a t  t o r o i d ' i l  e f fec t . :  [ ~ i t i i  a more r e a l i s t i c  p lasma model 
and t o  i n t e r p r e t  m a g n e t i c  p r o b e  s i g n a l s  f rom t h e  t o r o i d a l  e x p e r i m e n t ,  t h e  
plasma e q u i l i b r i u m  has b e e n  c?sp,.inded as  cl F o u r i e r  s e r i e s :  

F = Re F ( r )  esp(im?-inaR,$)  , e t c .  mn mn 

where a q u a s i c y l i n d r i c a l  c o o r d i n a t e  s y s t e m  ( r , 0 , $ )  of m a j o r  r a d i u s  Ro i s  
u s e d .  The p r i n c i p a l  t o r o i d a l - h e l i c a l  e f f e c t s  a r e  g i v e n  by s i d e b a n d  t e r n s  
m = R 2 1 ,  which  a r e  c a l c u l a t e d  bv i n t e g r a t i n g  f u n c t i o n s  of  t h e  lower  o r d e r  
terms (O,O), ( l , O )  and  ( 2 , n ) .  

'The OHTE Conf inement  Test  Espe r imcn t  p r e s e n t  Ly u n d e r  c o n s t r u c e i o n  i s  
i l l u s t r a t e d  i n  F i g .  3 .  I t  lias B major r a d i u s  of  1 . 2 4  in, s t a i n l e s s  s t e e l  
b e l l o w s  v3cuum chamber w i t h  t u r b o m o 1 e c u l J r  p u m p i n s ,  a 1-5 mm t h i c k  aluminum 
c3nduct ' ing  s h e l l  o f  i n n e r  r a d i u s  199 mm, and a 45' a v e r a g e  h e l i c a l  w i n d i n g  
w i t h  Z = 3 ,  n = 16 .  Plasma c u r r e n t s  u p  t o  CiOO k.4 w i t h  r i s e  t i m e s  o f  1-3 
msec a r e  a n t i c i p a t e d  w i t h  a 2 . 8 5  weber  ( u n i d i r e c t i o n a l  c u r r e n t )  i n d u c t i o n  
c o i l .  ?;et t o r o i d a l  € i e l d  is  p r o v i d e d  b y  s u p p l y i n g  u n e q u a l  c u r r e n t s  t a  
p o s i t i v e  and n e g a t i v e  h e l i c a l  w i n d i n g s .  The v e r t i c a l  f i e l d  which  accompan ies  
tn is  t e c h n i q u e  i s  c a n c e l l e d  b!i a v e r t i c a l  f i e l d  c o i i ,  which  a l s o  p r o v i d e s  
:he e q u i l i b r i u m  f i e l d  d u r i n g  l o n g  plasma d i s c h a r g e s .  The f i l l i n g  g a s  b r e a k s  
down n e a r  t h e  t o r o i d a l  .i:<is as 3 small ( m i n d r )  r a d i u s  s t e l l a r a t o r  w i t h  
opposed r o t a t i o n a l  and current t r a n s f o r m s .  As t h e  p o l o i d a l  f i e l d  a p p r o a c h e s  
the t o r o i d a l  f i e l d  s t r e n g t h ,  til,? pL,isma becomes OHTE-like.  F u r t h e r  i n c r e a s e  
i n  c u r y e n t  c a u s e s  t h e  s G p a r L i t i - i s  t o  c:<p.inc?. T o r o i d a l  f l u s  is c o n s e r v e d  by 
t h e  c o n d u c t i n g  s h e l l  d u r  i n <  t i i i .  s ;=Jrtl . i ;? s s q u e n c e .  
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SETTING UP REVERSED F I E L D  PINCHES 

A A Newton and J W Johnston 
UKAEA, Culham Laboratory and Oxford Polytechnic 

( E u t r a t o m / U K A E A  Fwion Abbo~i l? . t i on)  

Abstract 

Self-reversal i s  the dominant physical process in the setting up stage of 
RFP when the toroidal flux is conserved by a closed shell. 0-D and I -D simu- 
lations are described, 
self reversal effect may be reduced or enhanced. 

Other modes of setting up are possible in which the 

INTRODUCTION 

The reversed field pinch magnetic field distribution (RFP) appears compli- 

cated (see Fig 1 )  compared to other plasma containment configurations. It may 

be thought difficulc.to set up but the self reversal process, which is driven by 

instabilities tending to minimise the plasma energy, ensures that the distri- 

bution arises. 

cesses are at work, we consider the dominant one to be self reversal. Data on 

the mode used on ZETA where a closed shell conserved toroidal flux is summarised 
in the experimental paper. 

Although the setting up stage is complex and many physical pro- 

[I  I 
This paper presents two types of calculations. Firstly, 0-D calculations 

which cross-link the 8 and 6 circuits enabling us to predict the circuit current. 
The second calculation uses a I-D code with a dynamo formulation (assuming aver- 

age axisymmetry) to predict the evolution of the field. 

r21 0-D CODE 

This code represents the plasma as a 4 terminal network connecting the 0 and 

0 circuits. 
relaxed states. 

The magnetic field is assumed to evolve through a given series of 

The toroidal flux and magnetic energy are found by solving: 

d$/dt = -v 8 and dWm/dt 
3 V I - V e I e  - nJJ.J d x 

9 0  
and these quantities are used to determine 0 ,  I 

tivity, r \ ,  is assumed to be radially independent and to have a time variation: 

and I0 etc. The plasma resis- 
0 

This simulates the observed decrease of resistivity from a high value Q 1  to Q 2 *  



Any set of field configurations can be used provided that I+, B+(a) and 

m' 
2 3  JJ d x are known as functions of (I and W 

BF'M but with the current density reduced in the region 0.7 < a/r < 1;  
an F-8 curve similar to experiment. 

We have chosen a model similar to the 

this gives 

3 The relaxation invariant, KO = IA.B d x could have been used in place of Wm. 

When the BFM is used as the relaxed state this does not change the results. 

0-D CODE RESULTS AND MODES OF SETTING UP RFP 

The code has been used to make predictions for existing and proposed RFPs. 

Figure 2 shows the predicted waveforms of ETA BETA 11 which are close to those 
observed. E31 

Various modes of forming RFP have also been investigated. 

uses self reversal which is turbulent with energy loss to the wall. 

with more or less turbulence and losses may exist requiring different volt seconds 

and having different wall interaction. 

similar I waveshapes and different I programing. In one, Ie is matched t o  @ 0 
the self reversal to make the liner a virtual flux conserver (this is a sub-case 

of the ZETA mode). 

measured by A ,  the ratio of inductance outside the liner t o  the inductance i n s ide  
the liner with no plasma, is to double the V 
from 0 to unity. 

The ZETA mode 

Other modes 

Alternatives can be envisaged, all with 

The effect of varying the liner to the shell spacing, 

flux consumption as X increases 
l$ 

Pitch convection should rninimise the self reversal activity by creating a 

field configuration with minimum energy by contirluously raising the I+ and 10 

currents together. The plasma cannot be fully stable until reversal is achieved 

but MHD activity should be smaller than in the ZETA mode (and the necessary con- 
tinuous injection of gas should protect the wall). 

The constant 8 mode requires strong self reversal. It begins with a seed 

4 
Self reversal generates additional positive flux inside the plasma 

plasma at some fraction of the peak current to give the required 8 and then I 

is raised. 

and unwanted negative flux is removed at the outside with I, being driven to 
maintain F to correspond with the desired 0 .  In principle a high B configuration 
can be maintained throughout setting up (although the losses due to self reversal 

fluctuations may preclude this in practice). 

Table 1 summarises examples of these modes for a device with R/a = 1.8/0.6m 

for the same plasma model and I circuit drive (14.4MJ at 3kV). The demands of 
4 
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the constant 6 mode are clearly shown with a lower peak current and a higher flux 

consumption, measured by the volt seconds factor, 

oidal flux. 

to the poloidal flux from the self reversal processes in order to give a volt 

seconds factor less than 1 .  

and error - a similar procedure to that used in experiment and have not been 
optimised. Also, the fact that a higher flux consumption may be associated with 

higher plasma resistivity, due, say, to more impurity release has not been taken 

into account; thus, the differences between the modes may be larger in experiment. 

‘V dt/+, where JI is the pol- 
Pitch convection is the most favourable and requires a contribution 

J: Q 

The final circuit parameters were chosen by trial 

1 

ZETA Mode Constant 0 

Current rise time (ms), T~ 5 . 5  6.1 
Peak current (MA) 2 . 2 3  2 .17  
6/F at peak current 1 .83/-0.66 1 . 8 2 / - 0 . 6 4  
Volt second factor 1 . 1 4  I .61 
Io circuit energy (MJ) 0 4 . 8  
I8 circuit voltage (V)* 0 80.0 

Pitch 
Convection 

5 . 2  
2 . 4 2  

1.87/-0.73 

0.86 

3 . 8  
800.0 

to one turn. 

I-D CODE 

The basic theoretical pinch equilibrium is the minimum energy state with 

Bessel function f i e l d s  (BFM) which is ideal and resistive MHD stable. This is 

force free and has reversal when 6 > 1.2 (it can then be stable with a small 

vacuum region) and has p = j / B  constant across the plasma. 

ation, even without a vacuum region, j + 0 at the walls (see Fig 3) and there 
must be a layer predisposed t o  tearing instabilities driven by d/dr(j/B) when B 
Q 0 although stable configurations with j -+ 0 have been found. These equilibria 

and the BFM have high magnetic shear and thus with small modification could con- 

tain finite B: The main 
residual MHD instability may be resistive pressure driven (g-mode). 

I n  a practical situ- 

it is these equilibria which are important for fusion. 

Knowledge of local criteria for various instabilities and the resulting 

transport would in principle permit calculations of plasma evolution: 

been attempted for Suydam modes in the central plasma. 

this has 

However, since the 143 
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modes drivi.ng s e l f  r e v e r s a l  are not  c l e a r l y  i d e n t i f i e d  we make, on h e u r i s t i c  

grounds, t h e  assumption t h a t  p ( r )  t ends  t o  become uniform. Th i s  i s  t h e  b a s i s  of 

t h e  'mean p model' i n  which we t a k e  a f i e l d  d i f f u s i o n  equat ion:  

dB 1 - = -V x d t  ( n  + nT) v x  g ]  
- 

wi th  t h e  dynamo term: 

= P(;) + F(F  - P )  
- 

where f is any p o s i t i v e  weight ing func t ion ,  p i s  t h e  s p a t i a l  average of LI w i t h  
2 weight ing f I B I  

d r i v e  t h e  dynamo. 

form s a t i s f i e s  t h e  Taylor  c o n d i t i o n s  of reducing the  magnetic energy wi th  KO con- 

s t an t  and t h e  magnetic f i e l d ,  t h e r e f o r e ,  r e l a x e s  towards the  BFM. 

2 

and TI i s  a t u r b u l e n t  r e s i s t i v i t y  which provides  t h e  energy t o  

It  can be shown t h a t ,  f o r  low va lues  of 6, a dynamo of t h i s  
T 

The 1-D code i s  a v a r i a n t  of ATHENE wi th  t h e  boundary cond i t ions  modified t o  

dP/dr (a)  = 0 and Vr(a) = E x B / B  

p o i n t s  a r e  added o r  removed as t h e  plasma moves inwards o r  outwards.  

shows F-9 curves  f o r  T /T = 10 and ra / r  

nT) showing t h e  self r e v e r s a l  e f f e c t .  

FFPM-like hehaviour .  

t o  ensure  j p a r a l l e l  t o  B near  t h e  edge. Mesh 

Figure  4 
2 2 

= 1/50 (where T = p a / n  and T~ = na f r n  n n 0 

For comparison a curve w i t h  no dynamo shows 

€EAT LOSS 

hea t  l o s s .  ['I 
a t i o n  l e v e l  r equ i r ed  t o  d r i v e  a dynamo main ta in ing  t h e  f i e l d  c o n f i g u r a t i o n  aga ins t  

r e s i s t i v e  decay (S i s  t h e  Lundquist number). 

thermal conduc t iv i ty  a long  per turbed  f i e l d  l i n e s  us ing  t h e  same b B  and s c a l e  l eng ths  

t h i s  g ives  a c lass ical  s c a l i n g  f o r  t h e  temperature  and f3 i n  c o l l i s i o n l e s s  cond i t ions .  

--- 
The f l u c t u a t i o n s  producing s e l f  r e v e r s a l  a l s o  g ive  an enhanced perpendicular  

A simple argument g ives  a s c a l i n g  l a w  (6B/B) a S - l  f o r  t h e  f l u c t u -  

When coupled w i t h  a model of e l e c t r o n  
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I3 

Fig 1 A reversed field configuration 
with J + 0 at the edge. 

ratio 4 

axis radius 

x 
.L 

I I 

-0.3 

Fig 3 0-D simulations of ETA BETA I1 
waveforms with the experimental 
results shown xxxxx. 

I 

F 

Fig 4 F-0 curves for I-D simulations 
of the current rise phase with 
(i) and without (ii) the dynamo. 

Fig 2 The current density I JI and the 
ratio lJl//Bl for the relaxed 
field configuration assumed 
the 0-D model. 
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EYERGY AND FLUX LOSS CONSIDERATIONS FOR RFP STARTUP 

D. A. Baker,  L. W. Mann, T. A .  Ol iphan t .  and J .  A .  P h i l l i p s  
Los Alanos S c i e n t i f i c  Labora tory  

Los Alamos, New Flexico 
Los Alamos S c i e n t i f i c  Labora tory ,  Los Alamos, N.M. 8 7 5 4 5  

I. INTRODUCTION 
An ear l ier  paper1 showed t h a t  under r a t h e r  

g e n e r a l  c o n d i t i o n s ,  t h e  s e t t i n g  up of un i form 
c u r r e n t  d e n s i t y  plasma columns by means of a x i a l  
c u r r e n t s ,  which r ise  t o  t h e i r  f i n a l  c o n s t a n t  v a l u e  
i n  a s h o r t  time compared t o  plasma compression and 
plasma f i e l d  d i f f u s i o n  times, i n v o l v e s  e i t h e r  an  
energy  lose and /o r  plasma p r e s s u r e  a t  t h e  w a l l  i n  
o r d e r  t o  r each  t h e  f i n a l  e q u i l i b r i u m  s t a t e .  T h i s  
theorem is  based  upon g e n e r a l  c o n d i t i o n s  of energy  
and p r e s s u r e  b a l a n c e  and c y l i n d r i c a l  symmetry. The 
purpose  o f  t h e  p r e s e n t  paper  is  t o  f i r s t  ex tend  t h e  
g e n e r a l  g l o b a l  a n a l y s i s  t o  t h e  o p p o s i t e  c a s e  of 
l o n g  c u r r e n t  risetimes and second t o  compare the 
i a p l i c a t i o n s  of t h e s e  g loba l  c o n s i d e r a t i o n e  wi th  
t h e  r e s u l t s  of computer c a l c u l a t i o n s  iind 
expe r imen t s  on r eve r sed  f i e l d  p inch  (RFI’) 
c o n f i g u r a t i o n s .  

11. LOWER ROUNDS ON THE ENERCY LOSS ASSOCIATKO 
WITH SETTING UP AN RFP THROUGH A SERIES OF TAYl.i?R 
LOWEST ENFRCY STATES 

A. Model 
Cons ider  a c y l i n d r i c a l l y  symmetric plasma 

column sur rounded by a B, f l u x  conse rv ing  conduct- 
i n g  c y l i n d e r  of r a d i u s  a .  (See F i g r  1 ) .  There i s  
a n  i n i t i a l  l o n g i t u d i n a l  f i e l d  B,, end a c u r r e n t  
I ( t )  rises from z e r o  s lowly  enough t o  a l low t h e  
p l a sma- f i e ld  c o n f i g u r a t i o n s  t o  con t inuous ly  f o l l o w  
a series o f  r e l a x e d  s t a t e s .  For t h e  purposes  of 
t h i s  paper  t h e s e  B t a t e e  are assumed t o  be  t h e  
Tay lo r  lowes t  energy  states.2 I n  t h e  s p i r i t  of 
Ref.  1 bounds on t h e  energy  l o s s e s  a s s o c i a t e d  wi th  
t h i s  t ype  of RFP s e t u p  are i n v e s t i g a t e d .  

B. Tay lo r  Lowest Energy S t a t e s  
The Tay lo r  l owes t  energy  s t a t e s  a a t i s f y  t h e  

force f r e e  e q u a t i o n  
+ +  

V x B - a B  ( 1 )  

where t h e  f o r c e  f r e e  parameter  a is independent  of 
r a d i u s  r .  For t h e  c l i n d r i c a l l y  symmetric z 
independent  case V - 0 i m p l i e s  Br z 0 and 
s o l u t i o n s  of Eq. ( 1 )  are 

1-- 

\ 

PATH t PPTn 2 

Fig .  1. Geometry f o r  d e r i v a t i o n  of energy and 
p r e s s u r e  b a l a n c e .  

Bz - BoJo(ar),  B6 - BoJ l (u r )  ( 2 )  

w i t h  t h e  c o e f f i c i e n t s  Eo b e i n g  independent  of r ;  Jo 
and J1 are Bessel f u n c t i o n s  of t h e  f i r s t  k i n d .  
S ince  t h e  a n a l y s i s  i s  r e s t r i c t e d  t o  c y l i n d r i c a l l y  
symmetric s t a t e s ,  we w i l l  on ly  cons ide r  a v a l u e s  
f o r  t h e  range2 aa .s 3.2. The t ime dependences of CI 

end B a s  I ( t )  r i s e s  a r e  de te rmined  by t w o  
c ondi  t Pons: 

( 1 )  

( 2 )  

The 

+ + 
Maxwell‘s Equation V x B = uoJ y i e l d s  

B , ( a , t )  - u o I ( t ) / 2 n a  ( 3 )  

8, f l u x  conse rva t ion  r e q u i r e s  

0, - j a B Z ( r v t ) 2 n r d r  - na2DZ0 = cons tnn t  ( 4 )  
0 

d e s i r e d  f l e l d s  then bcconw 

P z ( r , t )  - IOR,o/J,(20)lJo(20 r / a )  ( 5 )  

B o ( r , t )  - [OB,,/J,(28)1J1(?9 r / a )  ( 6 )  

where t h e  p inch  parameter  0 i s  pi.ren b y  

B ( t )  = Be(a)/<B,> - ~ o l ( t ) / 2 r r a B , o  - a a / 2  . ( 7 )  

A fami ly  of curires showing t h e  t ime e v o l u t i o n  of  
t h e s e  f i e l d  p r o f i l e s  i s  g iven  i n  Figs. 2 and 3. 

C. F i e l d  Energy 
The f i e l d  energy p e r  u n i t  l e n g t h  a t  any t ime 

is given  by 

WF G We + WZ? l a (B$/2uo)2nrdr  0 +ja(B:/?uo)2nrdr.  0 ( $ )  

Using Eqs. ( 5 )  and ( 6 )  y i e l d s  
20 

wg -[Wzo/ (25: ( 2 6 1  

h’, -[Wz0/(2J:(2O3! 0 J i ( x ) x d x  

J$ ( x  )xdx ,  
28 

L d  0 2  0 4  0 6  oe  I O  

R I A  . 2O 

F i g .  2 .  B, p r o f i l e  e v o l u t i o n  f o r  flus conse r - in s  
Taylor  s t a t e s .  
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Fig .  3. Be e v o l u t i o n  co r re spond ing  t o  F i g .  2. 

where Wzo - ma2 B i o / 2 ~ , .  These e n e r g i e s  are 
p l o t t e d  v s  8 i n  F ig .  4 .  

D. Energy Inpu t  
To compute t h e  energy  i n p u t  t o  t h e  p inch  

d u r i n g  t h e  c u r r e n t  rise, Faraday's Law 6 8.d; - - 4 
i s  a p p l i e d  t o  pa th  2 of F ig .  1 

IO I I I 

:- 

6- 

- 
- 

D N 

s 4 -  - 
\ 

*= 1 -  - 
0 
0 0.5 1.0 1 .5  2.0 e 

0 a5 1.0 1.1 2.0 e 

Fig .  4. F i e l d  e n e r g i c e  c a l c u l a t e d  from Eqe. ( 9 )  
and (10) .  

F ig .  5. WI as c a l c u l a t e d  from Eq. ( 1 3 ) .  

f o r  u s e  wi th  Poynting's theorem. The Poynt ing  
ene rgy  i n p u t  Win p e r  u n i t  l e n g t h  i n  a time T is  
t h e n  g iven  by i n t e g r a t i n g  over  t h e  c y l i n d r i c a l  
s u r f a c e  r - a: 

The WI term t h a t  fo l lows  from Eq. ( 6 )  i s  g iven  by 

and  I s  p l o t t e d  vs e in Fig .  5.  A c a l c u l a t i o n  of 
t h e  W E  t e rm r e q u i r e s  t h e  e l e c t r i c  f i e l d  on a x i s .  
I f  a a lmple  Ohm's law Ez.- rlJz is  assumed on axis  
t h e  fo l lowing  e x p r e s s i o n  is ob ta ined  

W E  IT n ( O , t ) J Z ( O , t ) I ( t ) d t  * (14 )  
+ +  + 

Making use  of V x B - aB - voJ we o b t a i n  

( 1 5 1  

S u b s t i t u t i n g  from Eq. ( 5 )  tlic current density on 
a x i s  is: 

S u b s t i t u t i n g  t h e  e x p r e s s i o n s  for J,(O,t) and [ ( t )  
o b t a i n e d  Erom E q s .  ( 7 )  and (16)  i n t o  Eq.  ( 1 6 )  g i s e s  

Un l ike  t h e  W I  term t h i s  expres s ion  depends upon t h e  
t i m e  h i s t o r y  of t h e  c u r r e n t  r ise  bo th  through rl and 
8. For n c l a s s i c a l  (?-I - T-3/2) and a s i n u s o i d a l  
c u r r e n t  r ise  i n  time iR (1.e.. e ( t )  - 8,,,sin 
( n t / 2 i R ) )  WE i s  c a l c u l a t e d  numer ica l ly .  Sone 
s p e c i f i c  examples of WE f o r  t h i s  case assuming on ly  
b remes t r ah lung  and oxygen l i n e  r a d i a t i o n  l o s s e s  
have  been c a l c u h t e d  f o r  ZT-40 u s i n g  a z e r o  
d imens iona l  c o d e n 3  The r e s u l t s  are shown f o r  two 
c u r r e n t  risetimes and s e v e r a l  oxygen impur i ty  
l e v e l s  are shown i n  Fig.  6. 

E. Energy Balance  
Energy conse rve t ion  a p p l i e d  a t  t h e  end of t h e  

time i n t e r v a l  0 6 t < T r e q u i r e s  

W (0) + W (0) + Win(T) - W (T) + WF(T) + WL(T) 
t n i F i a 1  pfasma energy pPaema f i e l d  energy 

(18) 
and f i e l d  energy inpu t  energy energy loss 

For t h e  case under c o n s i d e r a t i o n  I ( 0 )  - 0 we 
have  WF(0) - Wzo. The energy d i s s i p a t e d  Wdiss in 
t h e  p l a soa  du r ing  0 5 t 5 T goes e i t h e r  i n t o  
a d d i t i o n a l  plasma h e a t i n g  o r  l o s s e s  so t h a t  
Wdiss 9 W (T) - Wp(0) + WL(T) .  Grouping t h e s e  
te rms  i n  Eq. (18) and us ing  Eq. ( 1 2 )  we o b t a i n  

For  t h e  c a s e  of a d i s s i p a t i v e  Ohm's law t h e  WE 
i n t e g r a l  of Eq. ( 1 4 )  is p o s i t i v e  imply ing  Wdisa > 
Wzo - Wp + WI. The r i g h t  hand s i d e  of t h i s  
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Fig. 6. W and Te a a  a f u n c t i o n  o f  t h e  peak v a l u e  OH t h e  c u r r e n t  which rises e i n u e o i d a l l y  i n  

a time T fo r  ZT-40 dimens ions .  ( a )  
'Trice = f68eUs, (b )  Trice - 1 me. 

I n e q u a l i t y  is  p l o t t e d  i n  F ig .  7. This  lower l i m i t  
on t h e  energy  d i s s i p a t e d  i n c r e a s e s  wi th  8 up t o  
8 = 1.34 where Wdiss is e q u a l  t o  approximate ly  t h e  
i n i t i a l  f i e l d  energy .  S ince  t h e  Taylor  s t a t e  is 
f o r c e - f r e e  i t  cannot  s u s t a i n  a p l a s d a  p r e s s u r e  
g r a d i e n t  imply ing  t h a t  e i t h e r  t h e  energy d i s s i p a t e d  
goes  i n t o  plasma h e a t i n g  w i t h  t h e  wa l l  c o n t a i n i n g  
t h e  plasma p r e s s u r e  or some or a l l  of i t  i s  l o s t .  
IU the l a t te r  case s i n c e  plasma l o s s e s  a r e  
i r r e v e r s i b l e ,  w e  have  shown t h a t  f o r  8 2 1.34 a t  
l e a s t  an amount of energy e q u a l  t o  t h e  i n i t i a l  
f i e l d  energy  must be l o s t  i n  o r d e r  t o  reach  t h e  
T a y l o r  s t a t e .  For 8 = 1.34 ( s e e  F ig .  4b) t h i s  
energy  amounts t o  approximate ly  one t h i r d  of t h e  
f i n a l  p o l o i d a l  f i e l d  energy. As t h e  sample 
c a l c u l a t i o n s  shown i n  Fig. 6 i n d i c a t e ,  i n  p r a c t i c e  
t h i s  loss may be  cons ide rab ly  h ighe r  s i n c e  t h e  W E  
t e rm can add a s i g n i f i c a n t  amount. 

F .  Conclusion 
I t  h a s  been shown t h a t  f o r  slow e t a r t u p s ,  a s  

well as t h e  f a s t  onea of Ref. 1 t h e  energy  
d i s s i p a t i o n  du r ing  format ion  i s  a serious 
c o n s i d e r a t i o n  s i n c e  i t  can l ead  t o  s i g n i f i c a n t  
ene rgy  losses and/or  plasma p r e s s u r e  a t  t h e  w a l l s .  
The most q u e s t i o n a b l e  assumpt ions  which lefide a 
p o s s i b l e  e scape  from t h e s e  conc lus ions  a r e  t h o s e  of 
c y l i n d r i c a l  symmetry and Ohm's law on a x i s ;  
a s s y n e t r i e s  may i n v a l i d a t e  t h e  abode Poynting 
v e c t o r  c a l c u l a t i o n s  of t h e  energy i n p u t  and Ohm's 
law on a x i s  may be  i n v a l i d  due t o  e.g. ,  t u r b u l e n c e ,  
dynamo a c t i v i t y ,  and e l e c t r o n  runaways, 80 t h a t  W E  
may no t  a lways  be p o s i t i v e .  The g l o b a l  energy and 
p r e s s u r e  ba l ance  arguments can  be a p p l i e d  t o  o t h e r  
s p e c i f i c a t i o n s  of t h e  r e l axed  s t a t e s .  I t  i s  
expec ted  t h a t  d e p a r t u r e s  from t h e  force- f  r ee  model 
used  w i l l  no t  s i g n i f i c a n t l y  a l t e r  t h e  conc lus ions  
abou t  t h e  energy d i s s i p a t e d .  

111. COMPUTER CALCULATIONS FOR VARIABLE CURRENT 
RISETIMES 

The energy  loss requi rement  t o  s a t i s f y  bo th  
e q u i l i b r i u m  and p o l o i d a l  b e t a  r e s t r i c t i o n s  f o r  MHD 
s t a b i l i t y  as a f u n c t i o n  of c u r r e n t  r i s e t i m e  h a s  
been  examined u s i n g  t h e  I-D-time-dependent, 
non- idea l  MHD code RAVEN.4 C a l c u l a t i o n s  f o r  ZT-40 
d imens ions  were made assuming t h e  fo l lowing  
c h a r a c t e r i s t i c s :  

5 
I$  - 6 x 1 0  Bin ( n t / 2 T e )  A, t<risetime ( ?  ) 

R 

0 0 .5  1.0 1.5 2 .o 
8 

F i g *  7. Lower l i m i t  on t h e  energy  d i s s i p a t e d  a s  
o b t a i n e d  from Eq. (19 )  wi thou t  t h e  WE 
term. 
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and 
5 I - 6 x 10 A, t > r R  

The plasma c o n d i t i o n s  were: Ti Tet 
q -10 x n(Te - 10eV) ( c o n s t a n t  i n  time); and plasma 
mass d e n s i t y  8.3 x lod kg/m3. Plasma l o s s e s  were 
z e r o  and thermal  c o n d u c t i v i t y  was a l lowed i n s i d e  
t h e  plasma b u t  n o t  t o  t h e  wall. Under t h e s e  
c o n d i t i o n s ,  t h e  theorem of Ref. 1 i m p l i e s ,  t h a t  f o r  
s u f f i c i e n t l y  s h o r t  c u r r e n t  risetimes, t h e  plasma 
w i l l  e x e r t  p r e s s u r e  on t h e  wal l  as t h e  f i e l d s  
d i f f u s e .  

I n  Ref. 1 t h e  energy  i n p u t  term [WI o f  Eq. 1 2  
i n  t h i s  pape r ]  was i n t e g r a t e d  by p a r t s  t o  y i e l d  

and t h e  las t  term was c a l l e d  W e  . T h i s  e x p r e s s i o n  

a s  t h e  r i s e t i m e  o f  c u r r e n t  became s h o r t  compared t o  
t h e  r ise of $8  due t o  d i f f u s i o n  and /o r  compression. 
S e v e r a l  c u r r e n t  r i a e t i m e s  i n  t h e  i n t e r \ r a l  0.2-20 u s  
were cons ide red  and i n  F ig .  8 is  shown t h e  r e s u l t s  
f o r  t h e  10 us risetime. The terms W e p  and $01 
behave a s  expec ted  wh i l e  t h e  f i e l d  a n n i h i l a t i o n  on 
a x i s  term, WE, beg ins  t o  become s i g n i f i c a n t  a t  - 3 us .  The computed Be r eaches  a va lue  of u n i t y  
a t  6 . 5  D E ,  b e f o r e  t h e  c u r r e n t  maximum a t  10 us. 

The r e s u l t s  shoving  t h e  e f f e c t  ot vary ing  
c u r r e n t  r i s e t i m e s  a r e  shown in F l g .  9. Here 
normal lzed  times f o r  a g iven  e v e n t ,  1.e.. time 
d i . d d e d  by t h e  c u r r e n t  r ise t i m e  T , are p l o t t e d  
v e r s u s  For a T ~ ,  f o r  exampPe, of 2 )re, t h e  
plasma boundary which i n i t i a l l y  moved r a d i a l l y  
inward s t a r t e d  t o  expand, l ee . ,  v e l o c i t y  becomes 
p o s i t i v e .  a t  a normal ized  t i m e  o f  ., (1.3. Be f l u x  
reached  t h e  a x i s  a t  0.9, 6, - 1 a t  - 1.3, and 

was u s e f u l  i n  d e r i v i n g  t h e  theorgm because  Wep' 0 

n 
Q 
X 

rn 

1 
4 

TIME - PS 

Fig .  8. Energy te rms  computed by code RAVEN f o r  a 
10 us c u r r e n t  risetime. 

I I I 
0.1 I .o IO 100 

RISE TIME - /LS 

Fig .  9. Normalized times when t h e  plasma boundary 
v e l o c i t y  >O, 68 - 1, WE * 0 and wall 
p r e s s u r e  + 0 f o r  d i f f e r e n t  r ise times. 

plasma p r e s s u r e  on t h e  wal l  became nonzero a t  - 2.0. 
These c a l c u l a t i o n s  l e a d  t o  t h e  f o l l o v i n g  

c o n c l u s i o n s  : 
1)  For t h e  c a s e s  cons ide red  wi th  d i f f u s i o n  of 

msune t i c  f i e l d s ,  t h e  p r e d i c t i o n s  of t h e  thearrn ore 
confirmed hy t h e  code ,  i . e . ,  wi thout  1osat.s: 

( a )  Plasma onergy rises v i t h  ttmr and t h e  
d i s c h a r g e  expands t o  the v e l 1  by t h e  time t h e  
c u r r e n t  d e n s i t y  has  d i f f u s e d  through t h e  column. 

( b )  Wall p r e s s u r e  o r  plasma energy  losseR a r e  
r e q u i r e d  f o r  energy  and p r e s s u r e  ba l ance  by t h e  
time t h e  f i e l d  d i f t u s i o n  is complete.  

( c )  For s h o r t  c u r r e n t  risetimes Be r eaches  
u n i t y  e a r l y  i n  t h e  r ise time l i m i t i n g  r a d i a l  
compression. 

2 )  The longe r  r i a e t i m e s  r e q u i r e  g r e a t e r  energy  
l o s s e s  (due t o  an  i n c r e a s e  i n  WE). Even i f  t h e  
l o s s e s  r e s u l t i n g  from f i e l d  d i f f u s i o n  are l a r g e  t h e  
rise time might be  a d j u s t e d  so t h a t  t h e  of 
ene rgy  loss can  b e  t o l e r a t e d  by t h e  wall w i thou t  
e x c e s s i v e  release of i m p u r i t i e s .  T h i s  p o s s i b i l i t y  
i n v o l v e s  o b t a i n i n g  a f a v o r a b l e  t r a d e o f f  between t h e  
n e g a t i v e  W e p  term and t h e  p o s i t i v e  WE term i n  t h e  
ene rgy  i n p u t .  

Examination o f  t h e  theorem shows t h a t  t o  meet 
t h e  energy and p r e s s u r e  b a l a n c e  c o n d i t i o n s  and 
minimize l o s s e s ,  

(1) t h e  magnitude of term Wep should  be  
i n c r e a s e d .  Th i s  might b e  done by s t a r t i n g  t h e  
d i s c h a r g e  on a x i s  and a l lowing  i t  t o  expand 
r a d i a l  l y  . 

( 2 )  t h e  magnet ic  f i e l d s  and g a s  i n j e c t i o n  
cou ld  be  programmed t o  e s t a b l i s h  t h e  r e q u i r e d  
p r o f i l e s  w i th  minimal f i e l d  d i f f u s i o n .  

I V .  FLUX INPUT TO ZT-40 WITH VARIABLE RISETIMES 
The c u r r e n t  risetime i n  ZT-40 has  been v a r i e d  

between 33 and 240 IJS by: (1)  r a i s i n g  t h e  cha rge  
v o l t a g e  on t h e  t o r o i d a l  c u r r e n t  bank i n  d i s c r e t e  
s t e p s ,  5.0, 7.5 and 10 kV, and f i r i n 8  t h e  crowbar 
s w i t c h  a t  goo, 45O, and 30' i n  t h e  f i r s t  q u a r t e r  
c y c l e  ( f o u r  f e e d p o i n t  o p e r a t i o n )  and, ( 2 )  by 
r econnec t ing  t h e  I ( t )  c i r c u i t  f o r  one f e e d p o i n t  
o p e r a t i o n .  The peak I ( t )  was roughly  t h e  same, 360 
kA, f o r  a l l  risetimes. The v a l u e  of 0 w a s  between 
1.2  and 1.4 f o r  t h e  33. 40 and 100 u s  
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risetimes and v a r i e d  between 0.4 and 1.4 f o r  t h e  
240 US time. These d i s c h a r g e s  were nonreversed  
f i e l d  p inches .  

/ zVfdt ,  
where Vf i s  f e e d p l a t e  v o l t a g e  was c a l c u l a t e d  up t o  
peak c u r r e n t  f o r  a l l  c a s e s  and shown i n  F ig .  10 as 
a f u n c t i o n  of f i l l i n g  g a s  p re s su re .  With t h e  
f a s t e s t  risetime, 33 us, t h e  f l u x  i n p u t  is  
r e l a t i v e l y  c o n s t a n t  w i th  p r e s s u r e  and is  somewhat 
less t h a n  t h a t  f o r  a f u l l y  d i f f u s e d  uni form c u r r e n t  
c h a n n e l  w i th  p inch  r a d i u s ,  r - 1 4 . 5  cm, P c a l c u l a t e d  from t h e  magnet ic  f i e l d  i g n o r i n g  plasma 
p r e s s u r e .  With longe r  risetimes t h e  f l u x  i n p u t  
i n c r e a s e d  which i s  i n t e r p r e t e d  as an  i n c r e a s e  i n  
f l u x  a n n i h i l a t i o n  on axis, as  sugges t ed  by t h e  
computer code r e s u l t s .  As t h e  f i l l i n g  p r e s s u r e  is 
reduced ,  however, t h e  f l u x  i n p u t  d r a s t i c a l l y  
i n c r e a s e s  wi th  t h e  longe r  r i s e t i m e s .  Th i s  behav io r  
c o r r e l a t e s  w i t h  t h e  o b s e r v a t i o n s  on ZT-40 t h a t  a t  
t h e  lower p r e s s u r e s  t h e r e  are l a r g e  f l u c t u a t i o n s  i n  
d e n s i t y ,  magnet ic  f i e l d 6  and d i s c h a r g e  c u r r e n t ;  
s t r o n g  anomalous r e s i s t i v i t y  e f f e c t s  might be  
expec ted .  

These r e s u l t s  i n d i c a t e  t h a t  i n  a l l  c a s e s  t h e  
f i e l d s  have d i f f u s e d  t o  t h e  a x i s  by t h e  time of 
peak  c u r r e n t  and a s i z e a b l e  f r a c t i o n  o f  t h e  i n p u t  
ene rgy  t o  t h e  plasma must be  lost i f  t h e r e  is t o  be  
no plasma p r e s s u r e  on t h e  wa l l .  Absolu te  
meeaurements of r a d i a t i o n ,  p a r t i c l e  l o s s e s  and w a l l  
p r e s s u r e  could  s u p p o r t  t h i s  conc lus ion .  

The p o l o i d a l  f l u x  i n p u t  p e r  quadran t ,  

V. PLASMA HEATING I N  ZT-40 
A p r e l i m i n a r y  run  on ZT-40 h a s  been made t o  

de t e rmine  t h e  magnet ic  f i e l d  p r o f i l e s ,  in t h e  
r a d i a l  i n t e r v a l  10-20 cm, as a f u n c t i o n  of time 
u s i n g  a magnet ic  probe. The d i s c h a r g e  was d r i v e n  
a t  one f e e d p o i n t .  An i n v e n t o r y  of t h e  components 
o f  t h e  f l u x  i n p u t  was c a l c u l a t e d ,  F ig .  11. The 
components a r e  as fo l lows :  

"i X I (0.41) 

Ot, : Ib I: :o ;5 Ll 
PRESSURE( mlorr) 

Fig .  LO. I n p u t  vo l t - seconds  
f u n c t i o n  of f i l l  
c u r r e n t  risetimes. 
i n  pa ren theses . )  

a t  peak c u r r e n t  as a 
p r e s s u r e  f o r  d i f f e r e n t  

(0 v a l u e s  are gfven  

( 1 )  2nR f:IBa d r  is t h e  i n t e g r a t e d  p o l o i d a l  
f l u x  i n  t h e  measured r a d i a l  i n t e r v a l  10-20 cm. 

(2) t h e  f l u x  i n  t h e  c a b l e s  and s t r a y  
induc tances .  

( 3 )  t h e  vol t - seconds  l o s t  i n  t h e  c i r c u i t  
r e s i s t a n c e s .  

(4) t h e  p o l o i d a l  f l u x  i n s i d e  r - 10 cm 
assuming a uniform c u r r e n t  d i s t r i b u t i o n  w i t h i n  t h i s  
r a d i u s .  

The d i f f e r e n c e  between t h e  sum of t h e s e  
components and t h e  i n p u t  vo l t - seconds  i s  due t o  
plasma r e s i s t s n c e ,  3.9 d, which i s  approximate ly  
a c o n s t a n t  up t o  peak c u r r e n t .  Assuming a pinch 
compress ion  of 2 and uniform c u r r e n t  d e n s i t y  i n s i d e  
t h e  p lagna  r e s i s t i v i t y  is 1.6 x lom3 ohm-cm and t h e  
a v e r a g e  T, - 15 eV, which i s  n o t  un reasonab le  from 
t h e  e l e c t r o n  t empera tu re  measurements f o r  t h i s  node 
o f  o p e r a t i o n  and low peak t o r o i d a l  c u r r e n t ,  360 kA. 
Using t h e  v a l u e  of plasma r e s i s t a n c e ,  ohmic h e a t i n g  
i m p l i e s  a B e  : 1 and Te - Ti - 270 eV j u s t  b e f o r e  
peak c u r r e n t  w i th  no l o s s e s .  These c a l c u l a t i o n s  
s u g g e s t  t h a t  e i t h e r  Z 9 0 %  of t h e  i n p u t  energy has  
been lost or  t h e r e  is  a p p r e c i a b l e  w a l l  p r e s s u r e  a t  
t h i s  tiine which i s  c o n s i s t e n t  wi th  t h e  t h e o r e t i c e l  
conc lus ion  d i scussed  above. 
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INTRODUCTION 

I n  t o r o i d a l  containment  d e v i c e s  a n  a c c u r a t e  e s t i m a t i o n  of t h e  
p o l o i d a l  f l u x  swing r e q u i r e d  i s  i m p o r t a n t .  In Tokamaks t h e  e s t i m a t e  i s  
u s u a l l y  made by add ing  t o g e t h e r  t h e  i n d i v i d u a l  f l u x e s  r e q u i r e d  by v a r i o u s  
p a r t s  o f  t h e  c i r c u i t  and s t a g e s  of t h e  p u l s e ,  S i n c e  t h e r e  i s  
c o n s i d e r a b l e  e x p e r i m e n t a l  i n f o r m a t i o n  a v a i l a b l e  a r e l i a b l e  e s t i m a t e  can 
u s u a l l y  be made i n  s p i t e  of u n c e r t a i n t i e s  a b o u t  t h e  plasma r e s i s t a n c e  and 
behav iour .  

I n  p i n c h e s  t h e  s i t u a t i o n  i s  d i f f e r e n t .  The re  are  fewer e x p e r i m e n t a l  
results ( see  Newton and B u t t ( 1 )  f o r  i n f o r m a t i o n  on Z e t a )  and less 
u n d e r s t a n d i n g  o f  t h e  plasma b e h a v i o u r  from t h e  c i r c u i t  view p0 i r . t .  The 
pO10id31 and t o r o i d a l  c u r r e n t s  are  connected by t he  plasma i n  a way t h a t  
a p p e a r s  t o  be more complex than  i t  i s  i n  Tokamaks ana a number of plasma 
models have been sugges t ed  t o  r e p r e s e n t  i t .  
t h a t  one of t h e  consequences of a model t h a t  h a s  been used a t  Culhan ( s e e ,  
f o r  example, Newton and J o h n s t o n ( ? ) )  i s  t h a t  w i t h  c e r t a i n  c i r c u i t  
programming a r r angemen t s  an e f f e c t i v e  mean ( t ime a v s r n q e d )  t o r o i d a l  
v o l t a g e  i s  o b t a i n e d  w i t h o u t  a mean e x p e n d i t u r e  oE f l u x  ( i e  w i t h  a z e r o  
mean t o r o i d a l  v o l t a g c ) .  T h i s  e f f e c t i v e  mcaii v o l t a g e  c3n bc used t o  
set-up o r  m a i n t a i n  t h e  p i n c h .  

t h e  c i r c u i t  i n t e r a c t i o n s  a re  s u f f i c i e n t l y  s u b t l e .  It  i s  i m p o r t a n t  t o  
rea l i se  tha t  t h e r e  i s  no fundamental  l i m i t a t i o n  on f l u x  r e q u i r e m e n t s  (as 
t h e r e  a r e  w i t h  ene rgy  r e q u i r e m e n t s )  and t h e  a p p a r e n t  l i m i t a t i o n s  a r e  due 
to  t h e  s i m p l i c i t y  of plasma models used up t i l l  now and,  i n  t h e  c a s e  o f  
Tokamaks, pe rhaps ,  t o  t h e i r  ( r e l a t i v e l y )  s i m p l e  behav iour .  P inches  may 
well be s u f f i c i e n t l y  complex t o  a l l o w  t h e  e f f e c t  p r e d i c t e d  by t h i s  model. 

Here we wish t o  p o i n t  o u t  

I t  i s  l i k e l y  t h a t  t h i s  e f f c c t  will occur  w i t h  o t h e r  models  i n  which 

THE PLASMA YODEL 

of t h e  t h e o r y  o f  plasma r e l a x a t i o n  proposed r e c e n t l y  by J . B .  T a y l o r ( 3 ) .  
In t h a t  t h e o r y  a p r e s s u r e l e s s  plasma of h i g h  c o n d u c t i v i t y  c o n t a i n i n g  
magnet ic  f i e l d s  i s  assumed t o  a c h i e v e  a r e l a x e d  s t a t e  i n s i d e  a n  i n f i n i t e l y  
condlicting t o r u s .  

jB2dT h a s  a miniinurn f o r  a l l  p o s s i b l e  f i e l d s  B s u b j e c t  t o  f i x i n g  t h e  

The plasma model d e s c r i b e d  here i s  based on a time dependent  v e r s i o n  

T h i s  s t a t e  i s  the  onc i n  which t h e  magne t i c  e n e r g y  
w e -  1 - 2b 
co11str~iats  that Llic t o t a l  t o r o i d a l  f l u x  'V n n J  thc q u a n t i t y  K = 1 A . R  dT 
(where A i s  a v c r t o r  p o l c n t i a l  o f  t tw field B sr:ch t h a t  B = c u r r  - m. The 
f i c l d d i s t r i b u t i o n  B i n  t h c  r e l a x e d  s t a t c  is d e f i n e d  by t h e  two q u a n t i t i e s  
y, ant1 K and can b c  deduced from thcm; i n  t h e  c3sc  of n c i r c u l a r  s t r a i g h t  
p i n c h  the f i c l d  prolilcs arc  tkssc l  f u n c t i o n s  and r c l n t i o n s h i p s  such  3 s  t h e  

z 
-- - 

"F93" ClI I 'vc C J I I  c,Ilcul.lLcd, 
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Wc d c f i n c  two m s g n c t i c  f l u x e s  by integrating the.  v c c t o r  p o t e n t i a l  - A 
t h e  s h o r t  and long way around t h e  s u r f a c e  oE t h e  t o r u s :  

minor c r o s s - s e c t i o n :  ! -- B.dS = 1 - A.dZ6 = I, (1) 

c e n t r a l  h o l e :  ! --  B.dS = 1 - A.d(l, = Y e  (2)  
I n  o r d e r  t h a t  K be u n i q u e l y  d e f i n e d  by B w i t h i n  t h e  t o r u s i t i s n e c e s s a r y t o  
s p e c i f y  Y e .  I n ( 3 )  Y e  ( o r  A,, i t s  e q u i v a l e n t  i n  c y l i n d r i c a l  geometry w i t h  
r v a r i a t i o n  o n l y )  was t aken  t o  be  z e r o .  Here we u s e  a mod i f i ed  form of 
t h e  i n v a r i a n t  K which does  n o t  r e q u i r e  any s p e c i f i c a t i o n  o f  Yo and i s  
compa t ib l e  w i t h  t h e  o r i g i n a l  conven t ion ,  namely 

KU = - -  A.B dT - 'f', Ye (3)  
T h i s  has a unique v a l u e  f o r  any A s a t i s f y i n g  c u r l  - -  A = B w i t h i n  t h e  t o r u s  
volume and may be used i n  time dypendent s i t u a t i o n s  i n  which A,  Y,, Y e  e t c  
may v a r y .  I f  t h e  c a l c u l a t i o n  of t he  minimum e n e r g y  W s u b j e c t  t o  Y, and K 
b e i n g  f i x e d  w i t h  t h e  above conven t ion  f o r  '?e ( o r  AZ) i s  r e p e a t e d  w i t h  Y z  
and Ku f i x e d  t h e  same f o r c e  f r e e  d i s t r i b u t i o n s  o f  B are  o b t a i n e d  w i t h o u t  t h e  
need f o r  any s p e c i f i c a t i o n  of  Y e .  

- 
dKU 
d t  We e v a l u a t e  -- u s i n g  (3 )  and t h e  e q u a t i o n s  

and f i n d  

E 
asl 

c u r l  E , = = - - a t  - a t  

dKu dYr 

?! - = -  

-3. - 2 .f E . B  dT - = -  - -- 
t o r u s  d t  * Y z  d t  (4) 

I f  w e  u se  t h e  e q u a t i o n  f o r  t h e  f o r c e  f r e e  minimuui e n e r g y  s t a t e  

c u r l  - B = pB - (11 uniform) ( 5 )  

we can o b t a i n  f u r t h e r  e q u a t i o n s .  
u s i n g  Ohm's law i n  t h e  form 

The d i s s i p a t i o n  i n t e g r a l  i n  ( 4 )  becomes, 
= 0 (E + V A B ) ,  - - -  

wlrcre the p c r m e a b i l i t y  of f r e e  s p a c e  has been t a k e n  as u n i t y .  

Denot ing;Tt  d by a d a s h ,  thcse c q u a t i o n s  a re  

2Wp' = Io 1; - I, 1; (7.1) 
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and w e . o l s o  have t h c  r e l a t i o n s  
I, = W z  

= - vg dY -2 
d t  

(7.5) 

(7.3) i s  ( 4 )  w r i t t e n  s l i g h t l y  d i f f e r e n t l y  and one of t h e  r e l a t i o n s  (7 .1 )  t o  
( 7 . 4 )  i s  redundan t  s i n c e  i t  can  be deduced from t h e  o t h e r  t h r e e .  $J and Vz 
are n o t  determined by t h e  magne t i c  f i e l d ,  b u t  w i t h  t h e  h e l p  of  (7.58 can be  
e l i m i n a t e d  from (7 .2)  and (7.3), a long  w i t h  the d i s s i p a t i o n  D ,  t o  g i v e  

( 7 . 8 )  t o g e t h e r  w i t h  (7.4)  and (7.5) can be  w r i t t e n  i n  terms of  non-dimensional 
v a r i a b l e s  which are a l l  f u n c t i o n s  of d a l o n e  (dashes  now d e n o t i n g  z) : 

These f u n c t i o n a l  r e l a t i o n s h i p s  must be obeyed by any o f  t h e  v a r i a b l e s  
c a l c u l a t e d  u s i n g  t h e  f i e l d  p r o f i l e s  determined by t h e  s o l u t i o n s  of  (5)  i n  
any t o r u s  t o g e t h e r  w i t h  - -  B.dS = 0 on t h e  t o r u s  s u r f a c e .  
a re  more s i n c e  t h e  f u n c t i o n a l  form o f  t h e  v a r i a b l e s  would t h e n  b e  de t e rmined  
w i t h o u t  a knowledge o f  t h e  shape  of t h e  t o r u s .  

I t  i s  u n l i k e l y  t h e r e  

We may n o t e  t h a t  t h e  e n e r g y  e q u a t i o n  (7.2)  i m p l i e s  t h a t  once r e l a x e d  no 
e n e r g y  i s  d i s s i p a t e d  i n  t h c  c o n t i n u o u s  r e l a x a t i o n  t h a t  i s  assumed t o  t a k e  
p l a c e  from thcn  on a s  the plasma p a r a m e t e r s  v a r y ,  o t h e r  .than t h a t  r e q u i r c d  
t o  b a l a n c e  thc ohmic d i s s i p a t i o n  ca l cu laLcd  from t h e  c u r r e n t  d i s t r i b u t i o n  
t h a t  m a i n t a i n s  t h c  r e l a s c d  f i e l d  p r o f i l c s .  Thc enc rgy  e q u a t i o n  (7 .3)  and 
( 7 . G )  have bccn used a s  a b a s i s  f o r  3 c i r c u i t  a n a l y s i s  c o d c ( 2 )  by Johnsbon. 
Whcrc the  f i e l d  p r o f i l c s  a r c  s o l u t i o n s  o f  ( 5 ) ,  f o r  cxaniple l k s s e l  f u n c t i o n s ,  
t h e  r e su l t s  arc t h c  sanic a s  u s i n g  e q u a t i o n  ( 7 . 3 )  instc;lcl of ( 7 . 2 ) ,  b u t  w i l l  
d i l l e r  when d i f  f c r c n t  prof  i l c s  a r c  nssunicd. hlondinot") h a s  a l s o  i n  e f  f c c t  
used the e n e r g y  c q u n t i o n  togctlicr w i t h  f i e l d  p r o E i l c s  g i v e n  by O r t o l s n i  and 
R o s t a g n i ( 5 ) ,  :in11 found t h a t  tlic c q u i v a l c ~ n t  c i r c u i t  e q u a t i o n s  r e q u i r e d  
a r t i f i c i a l  v o l t n c c  s o u r c c s  i n  thc V, c i r c u i t  t o  s a t i s f y  t h e  energy equ.it ion.  
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Quasi Stcndv Statc Pinch 

(9.1) dKU - 
dt = 2 Y ,  V, - dissipation term 

Apart from estimates of the dissipative terms these equations are not 
dependent on relaxation phenomena and define KU and Y z  entirely in terms of 
voltages applied at the plasma surface - however the currents required in 
the circuits can only be calculated using further assumptions: for example 
that the plasma is always in the relaxed state corresponding to the value 
of KU and "=obtaining at any moment. 

We can see from equation (9.1) that in the absence of dissipation 
KU cx ZV, dt only when Y ,  is held constant, but that if Y, is varied in time 
then KL1 can be created or built-up without the expenditure of voltseconds in 
the mean. 
counteracted. 

maintain the plasma in a steady o r  quasi steady state without continuing 
volt second consumption. Compare this with the normal mode of operation 
in which the toroidal flux Y Z  is kept constant with value YO and a constant 
voltage V,, is found necessary to maintain 

Alternatively the decay of KU due to dissipation can be 

Consider, for example, this second situation whereby we attempt to 

the discharge. Then (9.1) gives 

dKU - = 0 = 2 Y o  Vz0 - dissipation terms 
Y, = Yo 

v, = vu cos ut 

Y ,  = Yo + 6Y cos ut 

dt 

This is t o  be compared with a mode of  operation in which 

Substituting these in the equation for :>, assuming the dissipation is the 
same corresponding to the sane mcan current and averaging over tine with the 

requirement that , dt 
1 average 

we f i n d  (10.1) 

and (10.2) 

These equations imply that tlic oscillating v o l t a g e  in thc Z direction 
must be larger than the mcan voltage! it rcplnccs by thc factor 

2/2 
frequency w should bc? highcr t l i e n  thc inverse classical diffusion time, and 
perhaps lower tlwn tlic iriversc rc lnx , i t . i on  tinic, whatcvcr that may be, if 
the pinch is to be always rc1,ixc.d. llowcvcr cqmtions (3)  still apply i T  
t h e  time variations arc much laster ttia:i tlic rclzxcliion time, and it i s  

For - '" % 30%, i.c. D f a c t o r  o f  2 t o  1 GII I f ' ,  Vu % 6V,,. The 
YO 
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conceivable that the dissipation term may then be less important. 
cir?uit currents would bc different from those prcdicted by the relaxation 
theory and would probably be much larger. 
based on a relaxed current profile is crucial to the arguments advanced 
above because (4) applies equally to the cases of a solid conducting rod 
and to an infinitely conducting plasma. In the first case the current 
distribution would not be ‘relaxed‘ and oscillating voltages applied at the 
plasma surface would result in decoupled oscillating currents. In the 
second case radial motion at the boundary is implied and the effect of 
suppressing this in a plasma of high conductivity and low density is not 
yet clear. 

a pinch by starting with as high a value of the toroidal flux Y, as  possible, 
firing the V, banks and crowbarring them, and then reducing Y ,  t o  its 
working value. 
current. Alternatively a pinch could be set up in a conventional way with 
relatively modest fields and then gradually built up by applying the 
oscillating voltages of the previous section, with due attention to gradually 
increasing Y, and balancing resistive losses in the landings. 
interesting that the results from ~BII(6)indicate that a plasma can be set up 
with a relatively low flus swing 
flux in the plasma. 

If the suggestion of this theory, namely that the application of out-of- 
phaseoscillating voltages to the poloidal and toroidal circuits of a pinch 
produce an effective mean voltage in the t o r o i d a l  direction, are borne out by 
experiment and computation we can envisage the construction of a quasi steady- 
state pinch. 
suitable external circuitry in such a way that the current was maintained or 
gradually increased. 
current with a fluctuating component some fraction of the mean current and 
there is some hope that a passive shell would exert an (albeit weakened) 
stabilising effect indefinitely. There is no room to list here all the 
properties that such a pinch might posscss nor to discuss t he  engineering 
parameters. The currents and voltages necessary in such a pinch would be 
rather less than in the setting up phase of a standard pinch, but required 
for much longer times. Many physics questions would be raised, not least 
the effect on the transport - however such a device could be run in 
combination of different modes; 
t o  get the current in and in a fixed voltage mode (positive or negative) 
to control the plasma bchaviour. 
Acknowledgements We are indebted to many of our colleagues, particularly 
from Culharn and from Padua, f o r  continual discussion and conmients. 
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THE EDGE REGION OF RFP AND SPIIERONAK PLASMAS 

F. W. P e r k i n s  
P r i n c e t o n  U n i v e r s i t y  
P r i n c e t o n ,  N J  08544 

E. J. Caramana 
Los Alamos S c i e n t i f i c  Laboratory 

Los Alamos, NFf 87545 

I. I n t r o d u c t i o n  

I n  t h i s  pape r  we e x p l o r e  t h e  e f f e c t  of t h e  edge r e g i o n  on t h e  s low,  

field-programming fo rma t ion  mode of RFP’s and Spheromaks, In t h e  i d e a l  f i e l d  

programming o r  pitch-programming s c e n a r i o  bo th  p o l o i d a l  f l u x  4, and t o r o i d a l  

f l u x  $t are s imul t aneous ly  in t roduced  i n t o  t h e  plasma by t o r o i d a l  E+ and 
p o l o i d a l  Eo e lec t r i c  f i e l d s  r e s p e c t i v e l y .  These f i e l d s  a r e  f r o z e n  i n t o  the 

conduc t ing  plasma, which I s  assumed t o  be c o n t i n u o u s l y  c r e a t e d  a t  t h e  edge,  and 
convected toward t h e  i n t e r i o r  w i th  t h e  E x B d r i f t  v e l o c i t y  (see paper-- this  

confe rence ) .  S i n c e  i n  t h e  i d e a l  model t h e r e  is a t  most a small r e s i s t i v i t y ,  
t h i s  creates a n e a r l y  f o r c e - f r e e  e q u i l i b r i u m .  The assumption of a small 

r e s i s t i v i t y  n e a r  t h e  edge of t h e  plasma may n o t  be v a l i d  due t o  impur i ty  c o o l i n g  

o r  m i c r o i n s t a b i l i t i e s .  We e x p l o r e  t h e  e f f e c t  of a small r e s i s t i v e  l a y e r  n e a r  
the plasma edge on the i d e a l  pitch-programming s c e n a r i o .  

+ +  

11. P h y s i c s  Model 

We assume a c y l i n d r i c a l  geometry w i t h  p e r i o d i c  l e n g t h  2nR (R = major r a d i u s )  
a n d  minor r a d i u s  a, and c y l i n d r i c a l  symmetry so t h a t  a l l  q u a n t i t i e s  depend on ly  

on t h e  r a d i a l  c o o r d i n a t e  r. The fo rma t ion  time T d e f i n e d  by $I /Ez is t aken  t o  

b e  much l o n g e r  t h a n  t h e  Alfven t r a n s i t  time a c r o s s  t h e  minor radius  TA t h a t  
t h e  plasma e v o l v e s  through a series of e q u i l i b r i u m  s t a t e s .  The p a r a l l e l  
r e s i s t i v i t y  ‘I,, is assumed t o  be l a r g e  on ly  n e a r  t h e  edge. 

c P 
so 

Using t h e  above assumptions we c a n  write a n  e q u a t i o n  governing the magnet ic  
f l u x  d i f f u s i o n  near t h e  edge. F i r s t ,  n o t e  t h a t  

181 



where U is the plasma velocity at the edge. It follows that 

where P = rB,/aBe is the toroidal flux per unit poloidal flux or pitch of a 

field line. It is convenient to discuss the diffusion and convection of the 

magnetic field i n  terms of the pitch. Defining the independent variable 4 by 
I+ = IBedr the evolution equation for P can be written as1 

a 

r 

where D = c2nbBe2/4n . 
from toroidal flux conservation and Eq. (1) and can be written as 

The boundary condition on this equation at I+ = 0 follows 

where PO = -Eo/E, is the applied pitch at the plasma edge. 

The steady state solution of Eq. (1) is given by E, = 0, P = Po = const. 

Suppose we now introduce more flux into the system so that E, const. > 0. 
Then we can define Po(t) = Po + 6Po(t), 6P = P - Po , in terms of which E q s .  

(1 -2 )  become 
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where we have now taken  D t o  be cons tan t .  I n t r o d u c i n g  t h e  nondimensional 

variables = cE,g/D , and T = c2E22t/D , Eqs. (3-4) become 

a a 
-6P----6P+ at an  $ 6p 

a 6P - 6Po = - 6P an  

Equat ions  (5) and (6) govern t h e  plasma response t o  a p p l i e d  e l e c t r i c  f i e l d s  
d e s c r i b e d  by 6Po. They can be s o l v e d  by t h e  method of Laplace t ransforms.  

Taking t h e  s o l u t i o n  of Eq. ( 5 )  which decays towards t h e  plasma i n t e r i o r  t h e  
answer is 

where y 3 K + K2 and 6POy is t h e  Laplace  t ransform of 6Po. Let u s  suppose t h a t  
6Poy is l a r g e  only f o r  y<<l ,  t h e n  K a y,  which fr'nm Eq. ( 7 )  y i e l d s  

a6P /a r  = -abP/an. m e n  i t e r a t i n g  on Eq. (6 )  g i v e s  

which also a p p l i e s  t o  t h e  i n t e r i o r  r e g i o n  q < t s i n c e  t h e  decay of 6P away from 

t h e  wall *grl is small. So t h e  re la t ive  d e p a r t u r e  of 6P from t h e  a p p l i e d  6Po i s  

- l /Spo aSPo/at  y << 1, (Note t h a t  f o r  n > T ,  6P = 0. 'h is  s a y s  t h a t  t h e  
i n i t i a l  p i t c h  P = Po, which i s  now i n  t h e  r e g i o n  +I > cE,t, is unperturbed,  
i .e.,  c a n  only move a d i a b a t i c a l l y . )  
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The assumption t h a t  y << 1 means t h a t  

or s i n c e  

cE,T/aBo - 1, i t  f o l l o w s  t h a t  T << 7 471 a2 
nu TR 

This means t h a t  t h e  fo rma t ion  t i m e  T~ scale must he f a s t  compared t o  t h e  

d i f f u s i o n  time scale measured i n  terns of  t h e  edge r e s i s t i v i t y .  For t h e  

res is t ive t h e o r y  used h e r e  t o  a p p l y  we must r e q u i r e  T >> T e i ,  where T~~ t h e  

c o l l i s i o n  time. S ince  n - me/ne2rei, t h e s e  two i n e q u a l i t i e s  can  be c o n v e n i e n t l y  

summarized by t h e  requirement  t h a t  

is 

which i s  easy t o  s a t i s f y .  

L e t  u s  now c o n s i d e r  t h e  r e l a t i v e  s i z e  of t h e  p a r a l l e l  and p e r p e n d i c u l a r  

e l e c t r i c  f i e l d s .  From E,, /El - E*h/E x we have 

Po-P 6Po  - 8P 
EL= U - y < < l  El 1 + PPO 1 + P0Z 

So w e  see t h a t  E,, i s  much smaller than  El. We can e s t i m a t e  t h e  s i z e  of  Ell from 
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n l j l e  Thus, t h e  p a r a l l e l  e l ec t r i c  f i e l d  generaced i s  CB 0 
4na '11 

which g i v e s  E,, .c - 
j u s t  t h a t  r e q u i r e d  t o  m a i n t a i n  t h e  c u r r e n t  a g a i n s t  r e s i s t i v i t y .  

Although Ea is .smal1 compared t o  El i t  may s t i l l  be l a r g e  enough t o  create 

To p reven t  runaway e l e c t r o n s  runaway 

we mst s a t i s f y  t h e  i n e q u a l i t y  

e l e c t r o n s  and a n  a s s o c i a t e d  anomalous n,,* 

"d 

mve 471 ens';, ve 
z - < 1  or , cB 0 e E I T e i  31 - - 

T h e r e f o r e ,  t h e r e  i s  a very r e a l  p o s s i b i l i t y  of d r i v i n g  runaway e l e c t r o n s  n e a r  
t h e  edge. 

111. Conclusions 

1. 

2. 

3. 

With TR >> T >> T~~ and good conduc t ing  

plasma a t  t h e  edge, t h e  edge magnetic f i e l d  a d j u s t s  i t s e l f  t o  be 
p e r p e n d i c u l a r  t o  t h e  a p p l i e d  e l ec t r i c  f i e l d .  

a p p r o p r i a t e  f o r m a t i o n  time scale T 

The para l le l  e l ec t r i c  f i e l d  i s  j u s t  t h a t  needed t o  s u s t a i n  c u r r e n t s  r e q u i r e d  

by t h e  f o r c e - f r e e  e q u i l i b r i u m  a g a i n s t  r e s i s t i v i t y .  A l a r g e  s k i n  c u r r e n t  
does no t  appear.  

The p i t ch  p r o f i l e  P o ( t )  ( o r  q ( t )  p r o f i l e ]  i s  convected away from t h e  edge 

r e g i o n  by t h e  E x B v e l o c i t y  and t r apped  i n  t h e  plasma by t h e  frozen-in-f lux 
c o n d i t i o n .  

+ +  
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4. RFP's and spheromaks are devices  t o  be f i l l e d  with f lux ,  not current. 

5.  Anomalous r e s i s t i v i t y  due to  a runaway e l e c t r i c  f i e l d  may be important near 

the edge and provides f o r  rapid edge heating. 
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STARTUP OF THE RFP I N  A QUASI-ADIABATIC MODE 
E. J .  Caramana 

Los Alamos S c i e n t i f i c  Labora to ry  
U n i v e r s i t y  of C a l i f o r n i a  

Los Alamos, NN 8 7 5 4 5  

ABSTRACT 

The e q u a t i o n s  d e s c r i b i n g  t h e  p u r e l y  a d i a b a t i c  fo rma t ion  of t h e  
r e v e r s e d - f i e l d  p inch  are solved.  T h i s  n.ethod of fo rma t ion  i n  p r i n c i p l e  remedies 
t h e  problem of f l u x  consumption d u r i n g  t h e  s t a r t u p  phase  of t h i s  de-r ice .  

1. INTRODUCTION 

It i s  wel l  known t h a t  d i f f u s e ,  s t a b l e  r e v e r s e d - f i e l d  pinch (RFP) e q u i l i b r i a  
e x i s t  a t  a r e l a t i v e l y  h i g h  v a l u e  of b e t a 1  *2. However, d i f f i c u l t y  r e n a i n s  i n  
a c c e s s i n g  t h e s e  s t a t e s .  

The u s u a l  manner i n  which a RFP d i s c h a r g c  i s  i n i t i a t e d  is t o  bck;in w i t h  a 
l a r g e  t o r o i d a l  b i n s  f i e l d ;  then t h c  t o r o i d a l  c u r r e n t  is r a i s c d  as  tlic t o r o i d a i l  
f i e l d  is  r e v e r s e d .  Th i s  n e c e s s a r i l y  p l o c c s  thc t o r o i d a l  c u r r e n t  cx tc>r io r  t o  t l i t )  

p o s i t i v e  t o r o i d a l  b i a s  f i e l d .  Consequent ly ,  a d i f f u s e  c u r r e n t  p r o f i l e  can only 
resul t  from c u r r e n t  d i f f u s i o n  a c r o s s  t h i s  f i e l d .  Approximatclp one t h i r d  of the  
magne t i c  f i e l d  energy i s  l o s t  d u r i n g  t h i s  d i f f u s i o n  and the d i s c h a r g c  is  very  
t u r b u l e n t 3 .  I f  t h i s  energy i s  r e t a i n e d  as plasma i n t e r n a l  energy t h c  plasma 
b e t a  would b e  l a r g e r  t h a n  cou ld  be con ta ined4  ( I t  docs not  m a t t e r  i f  t h e  c u r r e n t  
p e n e t r a t i o n  is due t o  a n  anomalous r e s i s t i v i t y  s i n c e  the amount o f  h e a t i n g  
depends o n l y  on t h e  i n i t i a l  and f i n a l  s t a t e s  of t h e  plasma).  Also,  i n  s c a l i n g  
t o  l a r g e  d e v i c e s  t h e  r a t i o  of t h e  energy l o s t  t o  t h e  vacuum w a l l  area becomes 
g r e a t e r .  It is t h u s  d i f f i c u l t  t o  believe t h a t  a RFP reac tor  c o u l d  be i n i t i a t e d  
i n  t h i s  d i f f u s i v e  manner. 

The loss of energy due t o  c u r r e n t  d i f f u s i o n ,  and a l s o  t h e  a s s o c i a t e d  g l o b a l  
t u r b u l e n c e  of t h e  d i s c h a r g e ,  can i n  p r i n c i p l e  be  a;roided by r a i s i n g  t h e  t o r o i d a l  
magne t i c  f i e l d c a n d  t h e  t o r o i d a l  c u r r e n t  t o g e t h e r  on a time scale long compared 
t o  t h e  Alfven t r a n s i t  time ( so  t h a t  magne tohydros t a t i c  e q u i l i b r i u m  i s  
m a i n t a i n e d ) ,  b u t  s h o r t  compared t o  t h e  magnet ic  f i e l d  d i f f u s i o n  t ime ( so  t h a t  a 
small plasma b e t a  r e s u l t s  a t  t h e  end of t h e  f o r m a t i o n ) .  Th i s  is known a s  
pitch-programming and h a s  been mentioned i n  qua1 i t a t i . de  terms f o r  some t ime5. 
I t  i s  a fo rma t ion  s e n a r i o  which r e q u i r e s  a d i a b a t i c  compression of t h e  plasma b u t  
does n o t  r e q u i r e  res is t ive h e a t i n g  as a consequence of a d i f f u s e  c u r r e n t  
p r o f i l e .  

I1 ADIABATIC FORMATION 

Consider  t h e  i d e a l  MHD e q u a t i o n s  w i t h  t h e  i n e r t i a  n e g l e c t e d ,  

a n  
a t  - + l * l n = O  , 
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aB - - - v x y x g = o  , a t  - 

where p = nT. I n  one dimension and i n  c y l i n d r i c a l  geometry, which i s  t h e  case 
cons idered  h e r e ,  t h e s e  e q u a t i o n s  r e t a i n  only  t h e  rad ia l  component of t h e  
v e l o c i t y  1. This  component, V , is determined i m p l i c i t l y  by Eq. (4) and s i n c e  
w e  c o n s i d e r  no d i s s i p a t i o n  is  drf-den s o l e l y  by t h e  a p p l i e d  e l ec t r i c  f i e l d  a t  t h e  
boundary (we assume t h a t  plasma e x i s t s  a l l  t h e  way t o  t h e  wall r a d i u s  r = a) .  
P r o g r e s s  can b e  made a n a l y t i c a l l y  i n  s o l v i n g  Eqs. (1-4) by t ransforming  them 
i n t o  a normalized p o l o i d a l  flux r e p r e s e n t a t i o n  and changing t h e  dependent 
v a r i a b l e s .  

We d e f i n e  t h e  new independent v a r i a b l e  x by 

a 0 

where +PT - !Bo(r , t )dro With 4 E $ p T ( t ) / $ O  and 10 : at$pT/+O , where 
at$),, = E , ( r  4 a , t )  and 40 is a r e f e r e n c e  p o l o i d a l  f l u x ,  w e  d e f i n e  t h e  new 
dependent v a r i a b l e s ,  

- n  
“0 

N E - Y * s N t +  , 

w i t h  n and TO a s  a r e f e r e n c e  d e n s i t y  and temperature .  The Eqs. (1-3) i n  one 
dimens P on have t h e  same form when expressed  i n  terms of t h e s e  v a r i a b l e s ,  namely, 
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Y Y 

,The boundary conditions on Eq. (10) are that known values of P(t), N ( t ) ,  
and S(t) be given at x = 1. The condition V(r = x = OJ =,O in, defining the 
transformation assures that the regularity condition on P, N and 5 at the origin 
is satisfied. For Eq. (11) we have that Y(x = 0) = 0 and Y(x = 1) = 1. 

Since Eq- (10) is a linear first-order hyperbolic equation we can solJe it 
exactly. By considering $ in place of t as an independent variable and defining 
v - XU, Eq. (10) becomes (p av/a$ = x a-J/ax . Thus the solution is v = f(x+), 
where f is  any arbitrary function of the Characteristics x$ = const. 

Since values of v propagate unperturbed along the lines x$ = const., from 
Eqs. (7-91, so do the quantities P, N, and 5. These are the pitch of a field 
line (safety factor q/aspect ratio), the density per poloidal flux, and the 
entropy per particle. We thus have a solution for P, N, and 5 along the 
characteristics, and Eq. (10) is now defined o;rer the whole donain 0 < x < a 
conJerting an initial-boundary value problem i n t o  a pure initial .dalue problem. 
As an example, consider the force free Bessel function model (BFM) given by 

. 

We can find all previous adiabatic states by forming the quantity P(x, Q = 1) at 
the final time for this model. At $I = @l, (ol < 1) we have p(x, 4 = $1) = 
P(x/$ l ,  + = 1). Then Eq. (11) can be solved numerically to obtain the 
configuration Y(x) corresponding to P(x, (we can likewise include N and 5)- 
Since x = 0 i s  a characteristic we see that the initial state Q + 0 is one where 
P(x) is a constant over 0 < x < 1 given by P(x = 0, Q = 1) .  This is a 
similarity solution of the adiabatic problem, and is possible because there i s  
only one time scale, the formation time, in these equations. 

To specify $(t) we must know Ez(a,t), the z electric field at the wall. We 
see that as long as E (a,t) rcmains positive, flux will propagate along the 
characteristics and into tkc p1asm;t region. In Fig. ( 1 )  we show the electric 
fields Ez(a,t) and Eo(a,t), which if' npplfcd at thc plasma chamber Will1 yield ;I 
BFM with IJ 2. 7.  We have choscn I. (3,t) t o  bc i\ pnr'ibola ;ind l l i 1 \ 7 ~ ?  computiBd 
Eo(a,t) using the fact that P(x = 1: + ( t ) )  = Eo(a,t)/E: (3,t). 

features of a nearly forcc-frcc? cl8iabnt IC startup shouLd be 
noted : 

Two important 
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a )  The s i g n  t h e  t o t a l  Poynt ing v e c t o r  a t  t h e  plasma wal l  depends on ly  on 
t h e  s i g n  of Ez (a , t )  as l o n g  as t h e  t o t a l  t o r o i d a l  c u r r e n t  remains p o s i t i v e .  
(Th i s  is seen from F ig .  1, o r  e q u i v a l e n t l y ,  from ,B = 0 and t h e  e x p r e s s i o n  
f o r  t h e  Poynt ing f l u x . )  

b )  The t o r o i d a l  current and t h e  t o r o i d a l  magnet ic  f i e l d  a t  t h e  w a l l  b o t h  
reverse d i r e c t i o n  when Ee (a , t )  changes s i g n .  

T h i s  model i m p l i e s  t h a t  plasma be  c r e a t e d  a t  t h e  w a l l  i n  o r d e r  t o  f r e e z e  i n  
t h e  magnet ic  f l u x  s o  t h a t  i t  c a n  b e  convected inward. Thus a s o u r c e  f o r  t h i s  
plasma may have t o  b e  provided n e a r  t h e  w a l l  by t h e  i n j e c t i o n  of n e u t r a l  g a s  
d u r i n g  s t a r t u p .  Atomic p h y s i c s  p r o c e s s e s  are t h u s  expec ted  t o  b e  impor t an t  i n  
t h e  edge r e g i o n .  

I n  Fig.  ( 2 )  w e  show t h e  t r a j e c t o r y  of t h e  f o r c e  f r e e  a d i a b a t i c  s t a r t u p  of 
F i g .  (1) w i t h  r e f e r e n c e  t o  t h e  BFM as a f u n c t i o n  of F and 8 ( F  = B,(a)/<B,> , 
8 = B (a)/<B,>) These s ta tes  have h i g h e r  energy t h a n  BFM states7.  We c o n s i d e r  
t h e  i e c a y  t o  BFM states of two s ta tes  on t h i s  a d i a b a t i c  c u r v e  co r re spond ing  t o  
4 = 1 / 3  and Q = 2 /3 .  The res is t ive decay is assumed t o  conser-de t h e  t o r o i d a l  
f l u x  and t h e  magnet ic  h e l i c i t y  K = IdV A p as proposed by Tay lo r7 .  
s t a t e s  t h a t  are found under t h e s e  cond i t iGns  show a s h i f t  toward i n c r e a s i n g  8 
and d e c r e a s i n g  F. A f l a t t e n i n g  of the t o t a l  c u r r e n t  and a t r a n s f e r  of magnet ic  
ene rgy  from t h e  p o l o i d a l  t o  t o r o i d a l  magnet ic  f i e l d  occur .  About . 5 %  of t h e  
magnet ic  energy i s  conve r t ed  i n t o  i n t e r n a l  energy of t h e  plasma, a r a t h e r  small 
amount. During t h e  decay approximately 7X of t h e  p o l o i d a l  f l u x  is l o s t .  We 
t h u s  see t h a t  such  a decay can t a k e  p l a c e  w i t h o u t  c a t a s t r o p h i c  consequences.  

The s h o r t  d o t t e d  cu rve  i n  Fig.  (3) shows t h e  range of i n i t i a l  s ta tes  on t h e  
F-O diagram where one must s tar t  t o  arrive a d i a b a t i c a l l y  at  BFM s ta tes  w i t h  9 i n  
t h e  range 1.2 t o  1.6. We see t h a t  t h e  i n i t i a l  0 is abou t  .8, which cleans t h a t  
t h e  plasma must s t a r t  i n  a p inch  l i k e  state.  

There i s  a l s o  t h e  p o s s i b i l i t y  of d r i v i n g  runaway e l e c t r o n s 6 .  

The BFM 

IV. CONCLUSION 

We have shown how t h e  e lec t r ic  f i e l d s  and t h e  p l a sma  d e n s i t y  a t  t h e  wall of 
t h e  c o n t a i n i n g  vessel d u r i n g  a n o n d i s s i p a t i v e  RFP s t a r t u p  can be a n a l y t i c a l l y  
c a l c u l a t e d  as a f u n c t i o n  of t i m e  t o  give a d e s i r e d  f i n a l  plasma and magnet ic  
f i e l d  p r o f i l e  -- i n f o r m a t i o n  of importance t o  e x p e r i m e n t a l i s t s .  It h a s  been 
shown t h a t  i f  t h e  s ta tes  through which &he  plasma a d i a b a t i c a l l y  e v o l v e s  decay 
r e s i s t i v e l y ,  s u b j e c t  t o  r e a s o n a b l e  c o n s t r a i n t s ,  t h a t  t h e  magnet ic  energy l o s t  is 
small .  
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F i g .  1 
The e lectr ic  f i e l d s  E 
a p p l i e d  a t  t h e  w a l l  of t h e  d e v i c e  to  e f f e c t  
a p u r e l y  a d i a b a t i c  s t a r t u p  w h o s e  r e su l t  is  a 
BFM s t a t e  w i t h  8 = 1.35 (8 = u/2)  are  g i v e n  
as a f u n c t i o n  o f  time i n  a r b i t r a r y  u n i t s .  

and Ei3 t h a t  must be  

I 1 I I -0.2'  LO 25 
0 0.2 0.4 0.6 0.8 1 .o 
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Fig.  2 
Shown i s  t h e  BFM t r a j e c t o r y  ( s o l i d  l i n e )  as 
a f u n c t i o n  o f  F and 8.  A l s o  shown ( d a s h e d )  
l i n e )  is t h e  t r a j e c t o r y  fo l lowed  by a plasma 
o n  a p u r e l y  adiabat ic  s t a r t u p  cnd inq  i n  a BFPl 
s t a t e  w i t h  4 = 1 / 3  a n d  4 = 2/3 r e s p e c t i v e l y .  
On t h e  so l id  c u r v e  t h e s e  symbols i n d i c a t e  the 
lower ene rgy  BFM s t a t e s  to  w h i c h  t h e s e  s t a t e s  
may r e s i s t i v e l y  dec,ii;. The d o t t e d  l ine  i n d i -  
cates t h e  r ange  of i n i t i a l  v a l u e s  of F and (3 
for a plasma to e v o l v e  a d i a b a t i c a l l y  t o  a 
BFM s t a t e  w i t h  d i n  the r ange  1 . 2  t o  l . G .  

191 



ZT-40 STARTUP CALCULATIONS WITH VARIOUS ANOMALOUS TRANSPORT MODELS* 
PREPARED FOR THE LOS ALMIOS RFP WORKSHOP 

R.  N. Byrne and C. K. Chu** 
Science Appl ica t ions ,  Inc. ,  La  J o l l a ,  CA 92014 

27 APRIL - 1 MAY, 1980 

The purpose of t h i s  work i s  t o  a t t e m p t  a 1D numerical 
s imula t ion  of t h e  s t a r t  up phase of ZT-40, s t a r t i n g  from the  post-  
implosion time. We begin wi th  a cold low dens i ty  plasma with 
modest t o r o i d a l  embedded f i e l d ,  s i n c e  we are p roh ib i t ed  from 
c a l c u l a t i n g  the  breakdown, due t o  code shortcomings. We aim t o  
c a l c u l a t e  plasma buildup and hea t ing ,  and evolu t ion  of both 
componants of f i e l d  and cu r ren t  t o  a f i n a l  s t a t e .  

S ince  our code has no model f o r  t he  s e l f  f i e l d  r e v e r s a l  
which can be induced i n  t h i s  machine ,  w e  have chosen t o  s imula te  a 
discharge  with forced r eve r sa l .  We s h a l l  explore  the e f f e c t s  of 
va r ious  simple t r a n s p o r t  enhancements on t h e  assembly. As a t o o l ,  
w e  use the G2M c o d e ( l ) ,  run  i n  1D mode f o r  the sake of economy. 
The only a d d i t i o n a l  information from 2D would seem t o  be a b e t t e r  
e s t ima te  of the mir ror ing ,  which would not a f f e c t  t he  t r anspor t  
during t h i s  phase. Another s i m p l i f i c a t i o n  is the  e l imina t ion  of 
impuri ty  t r anspor t  and t h e  s o l u t t o n  of rate equat ions from the  
model. We merely assume a constant  f r a c t i o n a l  contamination by 
oxygen, o r ,  i n  some runs,  oxygen and s i l i c o n .  The i n p u r i t i e s  a r e  
assumed t o  be i n  coronal equi l ibr ium,  and r a d i a t i o n  r a t e s  are 
taken  from t h e  PPPL/LLL package of Pos t  e t  a1 ( 2 ) .  

T h e  plasma is assumed t o  be introduced a s  a n e u t r a l  f l u x  
a t  the wa l l ,  except for an a l ready  ionized i n i t i a l  dens i ty  of 
about 1/10 f i n a l .  Af te r  a l l  t he  plasma has been introduced,  t h e  
n e u t r a l  f l u x  from t h e  wal l  i s  j u s t  the  negat ive of the  plasma 
f l u x ,  i .e . ,  ions s t r i k i n g  t h e  w a l l  are neu t ra l i zed  and r e f l e c t e d  
with u n i t  albedo. 

A l l  t h e  t r anspor t  models used s o  f a r  have used  
Braginski i ’ s (3)  classical results as a base upon which o the r  
e f f e c t s  a r e  p i l ed .  This  t r a n s p o r t ,  due t o  the  t o r o i d a l  geometry, 
g ives  r i s e  t o  the  Pfirsch-Schlueter  enhancement, but  t h i s  and 
o t h e r  n e o c l a s s i c a l  e f f e c t s  a r e  smal l  i n  t he  ear ly  phase upon which 
w e  s h a l l  focus our a t t e n t i o n .  One e f f e c t  of t h e  c l a s s i c a l  t r ans -  
p o r t  which su rv ives  t o  plague us i n  t h e  s imula t ions  is t h e  thermo- 
e l e c t r i c  c u r r e n t ,  which becomes l a r g e  near  t h e  w a l l  of t h i s  device 
a t  l a t e  t imes i n  our  model. Th i s  g ives  r i s e  t o  numerical  
d i f f i c u l t i e s  and te rmina tes  some of t h e  runs.  

*Work supported by D.O.E. 

**P e rma nen t address  
Columbia Univers i ty ,  New York, NY 10021 
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To t h i s  b a s i c  t r a n s p o r t  w e  add v a r i o u s  anomalous 
enhancements. These i n c l u d e  use  of an e f f e c t i v e  c o l l i s i o n  f r e -  
quency which is a s imple m u l t i p l e  of c lass ica l ,  A l c a t o r  s c a l i n g ,  
Chodura r e s i s t i v i t y ,  and t h e  C h r i s t i a n s e d R o b e r t s  p r e s c r i p t i o n  ( 4 )  
f o r  t r a n s p o r t  d r i v e n  by Suydam i n s t a b i l i t i e s .  

For  i n p u t  we u s e  smoothed expe r imen ta l  v a l u e s  of t o t a l  
t o r o i d a l  c u r r e n t ,  p o l o i d a l  f i e l d  a t  t h e  wal l ,  and t o t a l  plasma 
c o n t e n t ,  as f u n c t i o n s  of time. They are  f a i r l y  r e a l i s t i c ,  except 
t h a t  t h e  t o r o i d a l  f i e l d  i s  taken t o  r ise,  a t  f i f t y  microseconds,  
from 1500 gauss  r a t h e r  t h a t  t h e  somewhat lower v a l u e s  a c t u a l l y  
used.  T h i s  is an a t t e m p t  on our  p a r t  t o  a l l o w  f o r  f i e l d  pene t r a -  
t i o n  du r ing  t h e  breakdown phase when the r e s i s t i v i t y  is s t i l l  
high. The n e u t r a l  f l u x  a t  t h e  wall  i s  t aken  t o  be t h a t  necessa ry  
t o  f o r c e  t h e  t o t a l  e l e c t r o n  number i n  t h e  machine t o  fo l low 
experiment .  We c a l c u l a t e  on a t o r o i d a l  f l u x  s u r f a c e  g r i d  w i t h  
ZT-40 dimensions.  

The i n i t i a l  v a r i a t i o n  i n  t o r o i d a l  f i e l d  i s  p u r e l y  
geomet r i c ,  b e i n g  merely t h e  1 / R  v a r i a t i o n  a c r o s s  the ZT-40 bore,  
and t h e  c u r r e n t  d e n s i t i e s  v a n i s h .  T h i s  code cannot handle  ;Jery 
low t e m p e r a t u r e s ,  s o  w e  t a k e  5 e V  (peak)  a s  a s t a r t i n g  tempera- 
t u r e .  The d e n s i t y  is  t a k e n  almost  f l a t ,  a t  10**14. 

Our f i r s t  o b s e r v a t i o n  i s ,  no t  s u r p r i s i n g l y ,  t h a t  classi-  
c a l  t r a n s p o r t  f a i l s  badly t o  reproduce experiment.  The tempera- 
t u r e  and c u r r e n t  s p i k e  s h a r p l y  o f f - a x i s ,  s h o r t i n g  ou t  t h e  bu lk  of  
t h e  plasma and g i v i n g  m c h  too  low l o o p  v o l t a g e  and much too  h igh  
peak t empera tu res .  

We conclude t h a t  w e  need more t r a n s p o r t ,  and t r y  m u l t i -  
p l y i n g  c l a s s i c a l  by 100. The same problem occur s ,  howe.Jer, so  
c l e a r l y  something b e t t e r  i s  needed. 

We a l r e a d y  know something b e t t e r :  t h e  p r e s c r i p t i o n  g iven  
by C h r i s t i a n s e n  and Rober t s ,  which r e p r e s e n t s  t h e  e f f e c t  of small 
scale t u r b u l e n c e  due t o  Suydam modes. T h e i r  model enhances t r a n s -  
p o r t  of p a r t i c l e s  and h e a t  by a f a c t o r  p r o p o r t i o n a l  t o  t h e  l o c a l  
e x c e s s  of p r e s s u r e  g r a d i e n t  t o  i t s  Suydam l i m i t .  Th i s  works 
somewhat b e t t e r ,  f o r  t h e  l a t e  t i m e  problem, as descr ibed i n  t h e i r  
work. T h e r e f o r e ,  we adopt t h i s  t r a n s p o r t  model as b a s i c  t o  RFP, 
and r e t u r n  t o  ou r  t a s k  of s t a r t  up s i m u l a t i o n .  

We s t i l l  f i n d  poor  c u r r e n t  p e n e t r a t i o n ,  due t o  t h e  ten- 
dency of t h e  low d e n s i t y  r e g i o n  t o  o-Jerheat,  and t h e r e f o r e  add 
Chodura’s model(5) of anomalous t r a n s p o r t ,  as used by Sgro and 
X i e l s o n ( 6 )  i n  t h e i r  s i m u l a t i o n s  of t he  ( f a s t )  ZT-S machine. T h i s  
same model h a s  been used by P a r k  and Chu(7). 

The model d i s t i n g u i s h e s  p a r a l l e l  and p e r p e n d i c u l a r  re- 
s i s t i v i t i e s ,  and t u r n s  on when t h e  r e spec t ide  d r i f t  v e l o c i t i e s  ex- 
ceed a f r a c t i o n  of tlie sound speed. The p a r a l l e l  r e s i s t i - J i t y  a c t s  
t o  a l low f i e l d  i n t e r d i f € u s i o n ,  t h u s  it is r e s p o n s i b l e  f o r  p i t c h  
change on a f l u x  s u r f a c e .  The  pe rpend icu la r  r e s i s t i d i t y  causes  
c r o s s - s u r f a c e  p a r t i c l e  and energy s l l p p a g e .  These c o l l i s i o n  €re- 
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quenc ie s  are used when- and where-ever they exceed t h e  c l a s s i c a l  
ones.  

Now w e  have a model t h a t  g e t s  u s  i n  t h e  g e n e r a l  realm of 
experiment .  A t  t e n  microseconds i n t o  t h e  c a l c u l a t i o n  t h e  c u r r e n t  
p r o f i l e s  no longe r  peak, n o r  do t h e  temperatures .  The c e n t r a l  
c o r e  is compressed i n  s p i t e  of t he  e x t r a  r e s i s t i v i t y  a t  t h e  edge, 
w i t h  t h e  t o r o i d a l  f i e l d  r i s i n g  above t h e  vacuum f i e l d .  This 
l a t t e r  h a s  r i s e n  from t h e  i n i t i a l  1.500 gauss  t o  about 1800 due t o  
t h e  programmed i n c r e a s e ;  t h e  a c t u a l  f i e l d  i s  about 2400, w i t h  t h e  
e x c e s s  due t o  compression. The loop v o l t a g e  i s  about  8000 now. 

The d e n s i t y  p r o f i l e  shows broad wings due t o  t h e  
mechanism supposed t o  r e p r e s e n t  bu i ldup ,  namely, e v o l u t i o n  of 
n e u t r a l s  from t h e  w a l l .  

A t  20 microseconds,  t h e  loop v o l t a g e  is 13000. The 
vacuum t o r o i d a l  f i e l d  h a s  not changed much, y e t  t h e  c e n t r a l  f i e l d  
i s  up t o  about  4900 gauss over t h e  c e n t r a l  twenty c e n t i m e t e r s .  
The c u r r e n t  p r o f i l e s  a r e ,  a s  i n t e n d e d ,  v e r y  broad,  as are tempera- 
t u r e  and d e n s i t y .  

By 50 microseconds t h e  f i e l d  has  r eve r sed .  The d e n s i t y  
h a s  become almost f l a t ,  a s  i s  t h e  ion temperature. The e l e c t r o n s  
have been hea ted  t o  almost 600 eV, far  above the ions .  The to r -  
o i d a l  c u r r e n t  has  become almost f l a t ,  g i v i n g  a p o l o i d a l  f i e l d  
which i s  l i n e a r  i n  r a d i u s .  The r e s u l t i n g  d i p  i n  B**2 i s  f i l l e d  by 
t h e  t e m p e r a t u r e  peak. 

T h i s  model produces adequate  c u r r e n t  p e n e t r a t i o n ,  and 
e l i m i n a t e s  t h e  s k i n  problem but has two new d i f f i c u l t i e s .  First, 
t h e  loop  v o l t a g e  t ends  t o  be about a f a c t o r  of two abo**re t h a t  ob- 
s e r v e d  i n  ZT-40, and second, t h e  anoalous r e s i s t a n c e  h e a t s  t h e  
e l e c t r o n s  t o  very high t empera tu res ,  even though w e  have assumed 
s u b s t a n t i a l  contarnination w i t h  i m p u r i t i e s  (1% oxygen, 1 / 2 2  
s i l i c o n ) .  

Noting t h i s ,  we proceed t o  t r y  a n o t h e r  model, which we 
c a l l  A l c a t o r  s c a l i n g .  I n  t h i s  model, we add a term t o  t h e  elec- 
t r o n  h e a t  conduc t iv iy  c h i ,  p a r t i c l e  d i f f u s i t i v i t y  D ,  each term 
b e i n g  p r o p o r t i o n a l  t o  t h e  i n v e r s e  of t h e  e l e c t r o n  d e n s i t y .  Using 
5 x  10**19 f o r  c h i  and 1/10 t h a t  f o r  D r educes  t h e  maximum 
tempera tu re  t o  403eV, u s i n g  5 x 10**20 b r i n g s  i t  down t o  about 
350. 

F i n a l l y ,  removing t h e  Chodura terms and l e a v i n g  t h e  
A l c a t o r  ones a l s o  produces c u r r e n t  p e n e t r a t i o n ,  though t h e  c u r r e n t  
does n o t  g e t  a l l  t h e  way i n .  T h i s  g i v e s  a v e r y  c o l d  r e s u l t ,  wi th  
t h e  maximum e l e c t r o n  t empera tu re  j u s t  25eV ( a t  100 microseconds) .  
T h e  loop v o l t a g e  i s  around 5000 a t  t h i s  time, which is probably 
c l o s e r  t o  experiment t h a t  t h e  v o l t a g e s  ob ta ined  u s i n g  Chodura 
r e s i s t i v i t y .  
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We conclude t h a t  a mixture  of Chodura and A l c a t o r  
t r a n s p o r t  ( p l u s  Chr is t iansen-Rober t s )  c a n  g i v e  both temperatures  
and v o l t a g e s  t h a t  are n o t  unreasonable ,  a t  least  f o r  t h e  d i s c h a r g e  
c o n s i d e r e d ,  whereas e i t h e r  a l o n e  g i v e s  rise t o  d i f f i c u l t i e s .  
There are of c o u r s e  a l a r g e  number of models c o n s i d e r a b l y  less ad 
hoc t h a t  t h e  one used h e r e  which may b e  a s  good as o r  b e t t e r  t h a t  
t h i s  one a t  f i t t i n g  experiment ,  such as a dynamo model, o r  t h e  re- 
connect ion  be ing  developed by D r .  Caramana f o r  t h e  LASL code. We 
hope t o  be a b l e  some day t o  p r e d i c t  t h e  r e s u l t s  of any ZT-40 s h o t  
from f i r s t  p r i n c i p l e s ,  b u t  €or now we do have models t h a t  can be 
made t o  f i t  e x i s t i n g  d a t a .  
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IDEAL MHO STABLE START-UP* 

by 

Fusion Studies Laboratory 
University of I l l ino is  

t R.  A .  Nebel, R .  W .  Moses and G .  H. Miley 

In troduc ti on 

One o f  the most important unsolved problems for the Reversed Eield 

- Pinch i s  how t o  i n i t i a l l y  s e t  u p  the required f ie ld  profiles.  Baker and 

Phill ips have shown t h a t  diffusive s t a r t -up  processes generally require 

large energy losses to reach a n  equilibriuiii in the post-iiriplosion phase. 

Also, this approach generally results i n  a high 1: post-iiiiplosion plasii ia 

which does n o t  have enough current t o  significantly heat the plasiiia 

further.  

1 

Consequently, i t  i s  desirable to  find a non-diffusive start-up technique 
2 which maintains MHD s t ab i l i t y  t o  insure iiiinimal energy loss.  Newton 

originally suggested such an approach based on a convective start-up 

technique. This procedure sa t i s f i e s  the necessary s t ab i l i t y  cr i ter ion 
.. 

t h a t  the p i t c h  ( P  E rB / B  ) of the f ie ld  l ines does not have a minimum’. 
$ 0  

We have extended Newton’s technique us ing  RFPBRN (a transport and s t ab i l i t y  

code) and have found a start-up scenario t h a t  theoretically riiaintains 

ideal MHD s t ab i l i t y  to global and local niodes during bo th  the start-up a n d  

burn  phases. 

Technique 

- 
4 

I t  i s  easily shown t h a t  for  an ideal plasma, conservation of toroidal 

and poloidal magnetic flux implies t h a t  pitch i s  also conserved. 

quently, i f  plasma i s  fed in a t  the wall and the f ie lds  are simultaneously 

Conse- 

*Supported by DOE Contracts DE-AS02-76ET52040 and W-7405-ENG-36. 

‘tLos Alainos Scientific Laboratory 
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programmed, the  p i t c h  i n i t i a l l y  present  i n  the  plasma w i l l  be conserved as 

the plasma i s  compressed. This c o n d i t i o n  i s  a l s o  approximately t r u e  f o r  a 

r e s i s t i v e  plasma and consequently, the shape o f  t he  p i t c h  p r o f i l e  can be con- 

t r o l  l e d  e x t e r n a l l y .  

A n a t u r a l  boundary c o n d i t i o n  f o r  a Lagrangian code l i k e  RFPBRN i s  

t he  placement of t he  plasma boundary. Since convect ive s t a r t - u p  invo lves a 

plasma compression, we have chosen t o  model i t  by s t a r t i n g  the plasma 

boundary i n i t i a l l y  a t  t e n  t imes the  vessel rad ius  and then moving the 

boundary inward as the  s imu la t i on  moves forward i n  t ime. 

gas feed r a t e  a t  the w a l l  a r e  then monitored t o  determine what prograiiiriiing 

would be requ i red  t o  do t h i s  on an experiment. 

t he  boundary i s :  

T h e ' f i e l d s  and 

The equat ion chosen f o r  

4 l o a  (0.9 ( (TR-t ) / , rR)  + . I )  t < rR 

r =  ( 1 )  P 
a 'i2, 

where a i s  the vessel rad ius,  T~ i s  the r i s e  time, and t i s  the present  

t ime i n  the s imulat ion.  

The p r o f i l e s  necessary t o  ma in ta in  s t a b i l i t y  du r ing  the  heat ing and 

burn phases a r e  known, so t he  quest ion i s  how t o  p roper l y  program the f i e l d s  

t o  a r r i v e  a t  these des i red p r o f i l e s .  

a d i a b a t i c  compression, the i n i t i a l  p r o f i l e s  (when the  v i r t u a l  plasma 

boundary i s  a t  ten t imes the vessel boundary) a re  a r r i v e d  a t  by a d i a b a t i c a l l y  

expanding t h e  des i red post - implos ion p r o f i l e s  t o  ten  times the vessel r a d i u s .  

This insures t h a t  t he  f i n a l  p r o f i l e s  w i l l  be near the des i red ones. 

Resul ts 

Since s t a r t - u p  i s  approximately an 

Using the  programming procedure descr ibed above, a s ta r t -up  scenar io 
5 has been found which has i d e a l  MHD s t a b i l i t y  t o  both l o c a l  (Suydam) and 
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gross modes dur ing  the start-up and burn phases. The gas feed ra te  and 

toroidal and poloidal f ie lds  a t  the wall suff ic ient  for s tab i l i ty  are 

shown in Figure 1 .  

are  possible. 

S tar t -up  i s  achieved in 1 msec. although slower times 

I I , 1 I I I I I I 5  F S L - O O - Z ¶  5 
- 

4 -  

3 -  

l- 
a’ 

t ,  X I O - ~  sec 

Figure 1 .  Gas feed rate  and magnetic f ie lds  a t  the wall during start-up. 

Maintenance of s t a b i l i t y  d u r i n g  s t a r t -up  and burn requires peaking 

bo th  the toroidal current density and the par t ic le  density off axis .  

Peaking the par t ic le  density off-axis leads t o  a n  off-axis pressure peak 

which s tabi l izes  interchange modes in the weakly sheared central plasma 

region. 

driven kinks i n  the prereversed s t a t e .  

Peaking the current density off-axis s tabi l izes  gross current 

Figure 2 shows the i n i t i a l ,  start-up termination, and f inal  (end of  

Note that the toroidal current does burn) current profiles for  the RFP. 

diffuse into the central plasma region, b u t  n o t  f a s t  enough t h a t  i t  spoils 

the plasma‘s s t ab i l i t y  characterist ics.  However, the toroidal current 

remains s l ight ly  peaked off-axis d u r i n g  the ent i re  burn .  
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Figure  2. Current  d e n s i t y  p r o f i l e s  i n i t i a l l y ,  a t  
t h e  end of  s t a r t - u p ,  and a t  t h e  end o f  
t h e  burn.  

Since the  t o r o i d a l  c u r r e n t  p r o f i l e  i s  n o t  an i n p u t  parameter t o  RFPBRN, 

peaking the c u r r e n t  d e n s i t y  o f f -ax is  was accomplished by f l a t t e n i n g  the  

t o r o i d a l  f i e l d  on-ax is .  The t o r o i d a l  f i e l d  p r o f i l e  s u f f i c i e n t  t o  do t h i s  

i s  

Bo = B 
$0 

where a = 2.405/( .93 

v i  o l  en tl y uns t a  b l  e. 

( 2 )  

. Bessel f u n c t i o n  f i e l d s  a lone were found t o  be 

F l a t t e n i n g  t h e  t o r o i d a l  f i e l d  i s  a s t a b i l i z i n g  i n f l u e n c e  on the p l a s m  

s i n c e  i t  decreases the p o l o i d a l  f i e l d  near the  a x i s  which d r i v e s  the i n s t a -  

b i l i t y .  Even though t h e  Bessel f u n c t i o n  p r o f i l e  s a t i s f i e s  the necessary 

c r i t e r i o n  o f  n o t  hav ing a p i t c h  miniiiiuin, the  l a r g e  p o l o i d a l  f i e l d  caused by 

t h e  d i f f u s e  c u r r e n t  p r o f i l e  makes i t  unstable.  Consequently, t h i s  i s  a inore 
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s t r i n g e n t  s t a b i l i t y  c r i t e r i o n  than j u s t  m a i n t a i n i n g  a minimum-free p i t c h  

p r o f  i 1 e. 

The above c h a r a c t e r i s t i c  appears t o  have been q u a l i t a t i v e l y  v e r i f i e d  

on ZT-40.6 Resu l ts  o f  f i e l d  programming i n d i c a t e  t h a t  much b e t t e r  plasma 

performance i s  achieved when t h e  p o l o i d a l  c i r c u i t  r i s e  l a g s  t h e  t o r o i d a l  

c i r c u i t .  Th is  i m p l i e s  t h a t  p u t t i n g  a seed t o r o i d a l  f i e l d  i n  t h e  plasma 

leads  t o  b e t t e r  s t a b i l i t y  which i s  what t h e  s i m u l a t i o n s  p r e d i c t .  

Summary 

A s t a r t - u p  scenar io  which t h e o r e t i c a l l y  p r e d i c t s  i d e a l  MHD s t a b i l i t y  

f o r  bo th  l o c a l  and g l o b a l  modes d u r i n g  the s t a r t - u p  and burn phases f o r  an 

RFP r e a c t o r  has been found. Toro ida l  c u r r e n t  d e n s i t y  iiiust be peaked o f f -  

a x i s  i n  t h e  prereversed phase i n  order  t o  m a i n t a i n  s t a b i l i t y .  Th is  i s  

c o n s i s t e n t  w i t h  exper imental  observa t ion .  Dens i ty  and pressure a r e  peaked 

o f f - a x i s  i n  o r d e r  t o  s t a b i l i z e  Suydam modes i n  t h e  weakly sheared plasma 

i n t e r i o r  d u r i n g  the burn phase. 
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C l a s s i c a l  T r a n s p o r t  i n  t h e  Reversed F i e l d  P inch  

A l l e n  H. Boozer  

Plasma P h y s i c s  L a b o r a t o r y ,  Pr  i r i ce ton  U n i v e r s i t y  

P r i n c e t o n ,  N e w  J e r s e y  08544 

C l a s s i c a l  t r a n s p o r t  c o e f f i c i e n t s  c r i t i c a l l y  depend on t h e  
number of symmetry d i r e c t i o n s .  S i n c e  t h e o r i s t s  c o n c e n t r a t e  on 
symmetric i d e a l i z a t i o n s ,  t h e  h i g h  s e n s i t i v i t y  o f  t h e  t r a n s p o r t  
c o e f f i c i e n t s  to  symmetry b r e a k i n g  terms h a s  n o t  been g e n e r a l l y  
a p p r e c i a t e d .  Remarkably,  t h e  t r a n s p o r t  c o e f f i c i e n t s  f o r  t h e  
phys i c a  1 si t ua t ion--no a b s o l u t e  symmetry d i r ec t ions--  is t h e  
s i m p l e  sum o f  t h ree  c o n t r i b u t i o n s ,  g y r o m o t i o n ,  banana ,  and r i p p l e  
t r a n s p o r t .  With o n e  symmetry d i r e c t i o n ,  a s  i n  a p e r f e c t  t o r u s ,  
t h e r e  is  banana and gyromot ion  t r a n s p o r t .  With two symmetry 
d i r e c t i o n s ,  as i n  a c i r c u l a r  c y l i n d e r ,  t h e r e  is o n l y  gyromotion 
t r a n s p o r t .  The u s u a l  model of  t h e  r e v e r s e d  f i e l d  p inch  is a 
c i r c u l a r  c y l i n d e r  so o n l y  gy romot ion  e f f e c t s  have  been included 
i n  t h e  model. 

Both t h e  t o r o i d i c d t y  o f  t h e  r e v e r s e d  f i e l d  p i n c h  and t h e  
n o n c i r c u l a r i t y  o f  i t s  p r e s s u r e  s u r f a c e s  b r e a k  t h e  p o l o i d a l  
symmetry and cause banana-type t r a n s p o r t .  I f  t h e  p o l o i d a l  
symmetry b r e a k i n g  is s m a l l ,  t h e  r e s u l t i n g  enhancement  of t h e  
t r a n s p o r t  c o e f f i c i e n t s  depends  o n l y  o n  t he  v a r i a t i o n  i n  t h e  
m a g n e t i c  f i e l d  s t r e n g t h  i n  a c o n s t a n t  p r e s s u r e  s u r f a c e .  The 
s t a n d a r d  a n a l y t i c  model of banana t r a n s p o r t 1  assumes  t h e r e  is 
o n l y  o n e  F o u r i e r  component t o  t h e  f i e l d  s t r e n g t h  v a r i a t i o n  i n  a 
p r e s s u r e  s u r f a c e ;  so t h e  f i e l d  s t r e n g t h  c a n  be  w r i t t e n  

w i t h  Bo and E c o n s t a n t  i n  t h e  p r e s s u r e  s u r f a c e .  

The re  a r e  four banana t r a n s p o r t  e f f ec t s .  F i r s t ,  t h e r e  is 
t h e  enhanced p a r t i c l e  and e n e r g y  t r a n s p o r t  c o e f f i c i e n t s .  T h e  
banana  d i f f u s i o n  c o e f f i c i e n t s  s c a l e  as 

4; p 2  (BT/B) 2 v 
DB P 

with P t h e  p o l o i d a l  g y r o r a d i u s - - t h e  g y r o r a d i u s  i n  t h e  p o l o i d a l  
f i e l d  afone--BT t h e  t o r o i d a l  f i e l d  s t r e n g t h ,  and v t h e  c o l l i s i o n  
f r e q u e n c y .  The e x a c t  n u m e r i c a l  v a l u e  f o r  t h e  v a r i o u s  d i f f u s i o n  
c o e f f i c i e n t s  c a n  be o b t a i n e d  by  compar ing  t o  t h e  w e l l - k n o w n  
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tokamak l i r n i t , l r 2  B T / ~  -+ 1, Second,  
pa r a l  l e 1  r e s i s t  i v  i t y  

T h i r d ,  t h e r e  is a p a r a l l e l  c u r r e n t  
g r a d  i en  t 

t h e r e  is an enhanced 

induced  by t h e  p r e s s u r e  

with t h e  p o l o i d a l  f i e l d  s t r e n g t h .  F i n a l l y ,  a t o r o i d a l  
e l e c t r i g  f i e l d  g i v e s  a n  enhanced  r a d i a l  d r i f t  c a l l e d  t h e  Ware 
p i n c h  

T h e  f a c t o r s  B T / ~  i n  t h e  r e v e r s e d  f i e l d  p i n c h  t r a n s p o r t  
f o r m u l a e  a r e  i g n o r e d  i n  t h e  s t c ;nda rd  n e o c l a s s i c a l  papers .  The 
r e q u i r e d  m o d i f i c a t i o n s  a r e  e a s i l y  d e m o n s t r a t e d  provided t h e  
co r rec t  form for t h e  r a d i a l  d r i f t  is used.  Using t h e  s t a n d a r d  
form for a t o r o i d a l l y  symmetric m a g n e t i c  f i e l d  

one  c a n  show t h e  r a d i a l  d r i f t  is 

from t h e  e x p r e s s i o n 3  

I n  a r e v i s e d  f i e l d  p i n c h ,  t h e  banana  t r a n s p o r t  w i l l  dominate  Only  
n e a r  t h e  m a g n e t i c  a x i s  where i t  w i l l  f l a t t e n  t h e  p r o k i l e s .  

A r e a l  r e v e r s e d  f i e l d  p i n c h  d o e s  not have  p e r f e c t  t o r o i d a l  
symmetry  and e v e n  t o r o i d a l  asymmetries of 1 /2% can have  i m p o r t a n t  
t r a n s p o r t  e f f ec t s .  This enhancement  of t h e  t r a n s p o r t ,  c a l l e d  
r i p p l e  t r a n s p o r t ,  i s  caused  by t h e  banana  o r b i t s  n o t  c l o s i n g  a s  
t h e y  w o u l d  i f  t h e r e  were p e r f e c t  symmetry,  An i m p o r t a n t  f e a t u r e  
of  r i p p l e  t r a n s p o r t  is t h a t  l i k e - p a r t i c l e  c o l l i s i o n s  c o n t r i b u t e  
to t h e  t r a n s p o r t  and t h e  t r a n s p o r t  f l u x e s  depend on  t h e  r a d i a l  
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e l e c t r i c  f i e l d . 4  Both  gy romot ion  and banana t r a n s p o r t  Of 
p a r t i c l e s  v a n i s h  i f  o n l y  l i k e - p a r t i c l e  c o l l i s i o n s  a r e  p r e s e n t ,  
and t h e y  a r e  i n d e p e n d e n t  o f  t h e  r a d i a l  e l ec t r i c  f i e l d .  T h i s  
d i f f e r e n c e  i n  b e h a v i o r  is d u e  t o  momentm c o n s e r v a t i o n  i n  
symmetry d i r e c t i o n s .  

Some a n a l y t i c  work has been  done  on r i p p l e  t r a n s p o r t .  
However, t h e  r e v e r s e d  f i e l d  p i n c h  is i n  a much lower 
c o l l i s i o n a l i t y  r eg ime  t h a n  a tokamak. I n  t h e  c o l l i s i o n a l i t y  
regimes o f  most i n t e r e s t  f o r  r e a c t o r s ,  t h e  on ly  r e a l  i n f o r m a t i o n  
h a s  come from a Monte C a r l o  s i m u l a t i o n  of t r a n s p o r t . 5  The 
r e v e r s e d  f i e l d  p i n c h  Monte C a r l o  r u n s  made by G i o i e t t a  
Kuo-Pet rav ic  and me a r e  i l l u s t r a t e d  i n  t h e  f i g u r e .  The  code  
s i m u l a t e s  t h e  banana  and t h e  r i p p l e  t r a n s p o r t  b u t  n o t  t h e  
g y r o m a t i o n  t r a n s p o r t .  
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T h e  d i f f u s i o n  c o e f f i c i e n t  o f  a t h e r m a l  t e s t  p a r t i c l e  is 
i l l u s t r a t e d  w i t h  1 /2%,  N = 1 0 ,  t o r o i d a l  r i p p l e ,  and w i t h  no 
r i p p l e .  The no r i p p l e  case g i v e s  t h e  s t a n d a r d  banana regime 
t r a n s p o r t .  The c o l l i s i o n  f r equency  is s c a l e d  by V R  i n  t h e  
f i g u r e  w i t h  V t h e  c o l l i s i o n  f r equency  f o r  a t h e r m a l  p a r t i c l e  a t  
10 keV and  1 b 1 4  p a r t i c l e s / c m 3 .  The d i f f u s i o n  c o e f f i c i e n t  is 
n o r m a l i z e d  by t h e  n e o c l a s s i c a l  (banana)  t ranspor t  a t  v = vR. We 
assume t h e  plasma r a d i u s  is 100 cm and t h e  a s p e c t  r a t i o  is 7. 
The f l u x  s u r f a c e  on  which t h e  t r a n s p o r t  is s t u d i e d  is h a l f  way 
o u t  i n  t o r o i d a l  f l u x ,  t h e  s a f e t y  f a c t o r  q = 1/7 on  t h a t  sur face ,  
and B is  assumed t o  b e  15 kG. The m a g n e t i c  f i e l d  s t r e n g t h  i n  t h e  
s u r f a c e  is assumed of t h e  form 

B = Bo [l + 2~ s i n 2  ( 9 / 2 )  + B cos NI$] 

w i t h  d = 0.005. C l e a r l y ,  a small r i p p l e  g i v e s  a l a r g e  e f f e c t  a t  
low c o l l i s i o n a l i t y  ( n o t e  t h e  log- log  sca le )  and a more d e t a i l e d  
s t u d y  o f  r i p p l e  t r a n s p o r t  i n  r e v e r s e d  f i e l d  p i n c h e s  is i m p o r t a n t .  

Smal l  asymmetries have  o t h e r  i m p o r t a n t  e f f e c t s .  I n  s y s t e m s  
w i t h  a t  l e a s t  o n e  symmetry d i r e c t i o n ,  m a g n e t i c  f i e l d  l i n e s  l i e  i n  
e x a c t  s u r f a c e s  and t h e  conse rved  c a n o n i c a l  momentum i n  t h e  
symmetry d i r e c t i o n  a s s u r e s  l o n g  time p a r t i c l e  c o n f i n e m e n t  i n  t h e  
a b s e n c e  o f  c o l l i s i o n s .  I n  a n  asymmetr ic  p lasma,  m a g n e t i c  f i e l d  
l i n e s  form i s l a n d s  i f  t h e  p e r t u r b i n g  f i e l d  resonates  w i t h  t h e  
u n p e r t u r b e d  f i e l d  l i n e s .  The r a d i a l  e x t e n t  of these  i s l a n d s  is 

w i t h  q t h e  s a f e t y  f a c t o r .  The r a d i a l  component of t h e  
p e r t u r b a t i o n  h a s  been  assumed o f  t h e  form 

B,. = B1 exp[i(n$ - m e ) ]  . 
T h e  i s l a n d  is c e n t e r e d  a b o u t  t h e  s u r f a c e  where q = m/n. I f  t h e r e  
a r e  s e t s  of i s l a n d s  a b o u t  a number o f  s u r f a c e s  and t h e  i s l a n d s  
from t h e  various sets o v e r l a p ,  t h e  m a g n e t i c  f i e l d  l i n e s  c o v e r  a 
f i n i t e  volume (become e r g o d i c )  g i v i n g  r a p i d  e l e c t r o n  h e a t  
t r a n s p o r  t . 

Long term c o n f i n e m e n t  of a p a r t i c l e s  i n  t h e  t r a p p e d  
p a r t i c l e  r e g i m e s  of phase-space  is q u e s t i o n a b l e  i n  asymmetric 
g e o m e t r i e s .  However, i n  o r d i n a r y  d r i f t  o r b i t  t h e o r y  p a s s i n g  a's 
a r e  c o n f i n e d  p r o v i d e d  t h e  p o l o i d a l  and t o r o i d a l  g y r o r a d i i  a r e  
s m a l l  compared to t h e  s y s t e m  s i z e  and t h e r e  a r e  good m a g n e t i c  
s u r f a c e s . 4  
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I n  t h e  p a s t ,  p e o p l e  have  assumed p lasmas  would s e l f - s h i e l d  
a g a i n s t  e x t e r n a l l y  a p p l i e d  r i p p l e .  T h i s  is c e r t $ i n l y  n o t  t h e  
c a s e ,  i n  g e n e r a l .  We have looked  a t  t h e  c a s e  where J = k 8  w i t h  k 
c o n s t a n t  and f i n d  t h e  plasma i n s t e a d  of r e d u c i n g  the r i p p l e  
a c t u a l l y  i n t e n s i f i e s  i t  o v e r  t h e  vacuum c a s e .  
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Current Decay and T~ Scal ing  Laws Applied t o  

RFP Transport  Calcu la t ions  

J .P . Chris  t i ansen  and IC. V. Rober II s 

1 .  In t roduc t ion  

Previous performance p r e d i c t i o n s  f o r  RFP devices  l i k e  HBTX1.A and KFX [ I ]  
have been based on c a l c u l a t i o n s  i n  which t h e  t ~ ~ - ~ i d a l  currcnt i s  r?ss~rn:~d co1;- 
s t a n t  dur ing  the sustainment phssi.. I t  has a l s o  bccri assumed L l i a t  c>lecL'roii 
tliermal l o s s e s  can bc descr ibed by an anomalous cli:ctro!i t.hcrm31 coirc'uc Livi t y  
s c a l i n g  propor t iona l  e i t h e r  t o  the c l a s s i c a l  o r  LO the  Balm d i f f u s i o n  c:oeff i-. 
c i e n t s .  I n  this paper we desc r ibe  the  e f f e c t s  on t h e  r e s l J l t s  of t r a n s p o r t  
c a l c u l a t i o n s  when d i f f e r e n t  assumptions a r e  made.: 

(1) 

(2) 

The t o r o i d a l  c u r r e n t  is allowed t o  decay on a c h a r a c t e r i s t i c  t i i w s c a l c  

The e l e c t r o n  thermal lo s ses  a r e  descr ibed by an empir ical  sca l i l ig  law 
f o r  t he  energy confinement time T obtained from Tokamak experiments. 

The c a l c u l a t i o n s  a r e  c a r r i e d  out  with the  1-3 eq l i i l i b~ ium- t r anspor t  code 

i .c. I 'L emt/ ' l  and 

E 

ATHENE I and the  d e r a i l s  of the model used arc given i n  [I]. 

-- 2. Empir ical  s c a l i n g  1,aws f o r  

A t  presen t  t.hcre i s  a s u b s t a n t i a l  amount of experimental  infoim3tion [2--31 
about l o s s e s  i n  Tokamak experiments whereas l i t t l e  information is avai l .able  froni 
RFP experiments,  The s c a l i n g  laws givcn i n  [2-31 di. f fcr  i n  t h e i r  dependance i1p011 
plasma parameters.  
where N is t h e  l ine  density; such a s c a l i n g  law would riot be b e n e f i c i a l  t.0 RFY 
experiments i n  which N is usua l ly  assumed t o  be a cons tan t ,  independent cf 
c u r r e n t  and r ad ius ,  

I n  p a r t i c u l a r  t h e  Alcator  na s c a l i n g  1.aw p r e d j c t s  T~~ 'L N 

We have chosen an adapta t ion  by Shef f i c ld  of the Hugil l -Sheff ie ld  s c a l i n g  
law [21 given as 

HS x2 x3 x4 x5 x 6  
T ~ = x , ~  I R A a 

i.n which n, I, R, A, a have t h e i r  u s u a l  meaning and x - 
of values  f o r  x1 - "6 a r e  ava i l ab le .  The e l ec t ron  therma "P losses are now 
modelled by an anomalous d i f f u s i o n  coe f f i c i t i n t  

a r e  co1istant.s; 3 se t s  
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HS 
w T~ . The strong radial dependence of (1) produces a cooler outer region 

compared with the values and this in turn lowers the configuration time T 
obtained for Bohm scaling, The confinement timecis calculated as 

W,L being the total plasma energy and total loss rate respectively. 
steady states are not reached (unlike in Tokamaks), T 
usually reaches a maximum at t=T The time T 
the RFP configuration is judged €6 be gross-MHb unstable based on the F,O diagram 
of Robinson [41. Thus provided that 

Since 
varies with time and 

is detined as the time at which 

then 

can be achieved by adjusting ca. Figures (2) and ( 3 )  show the ratios (2) and 
(3)  

3. Decay of Toroidal current 

If the toroidal current I is not held constant by a suitably-applied electric 
field the evolution of the IW? configuration becomes quite different from that 
of the constant-current case. If I is constant the route in the Robinson dia- 
gram usually leads to high B - high 8 configurations which eventually are  judged 
to be m = 1  gross-kink unstable. Such a route establishes a reasonably accurate 
estimate for  T when 0 reaches Omax. 

C 

For a decaying current the characteristic timescale becomes an important 
parameter. If the evolution ressembles the case. However if ‘I %‘I I C  corresponding to the peaked current-time profiles observed in ZETA and Eta- 
Beta I1 the following evolution is established by the calculations. 
between the build-up of 6 and the maintainence of constant I is lost and plasma 
piles up on the outside of the discharge. 
towards Bmax (the grossSuydam limit). 
charge cools the outside and lowers T as well as T . However it now becomes 
more difficult to estimate T~ since thE RFP configuration should be tested f o r  
gross-MHD stability before B reaches Bma,. 

reversed field out towards the liner. 
proposed for RFX, is lost and this would make KFX behave more like ZETA. 

The balance 

A s  I decays, 0 decays and 8 increases 
The convection of plasma across thc dis- 

C 

Furthermore the convection of plasma across the discharge tends to push the 
Thus the advantage of mainLaining Eo,as 

[I 1 J.P. Christiansen ,K.V,Roberts, Nucl .Fusion 18 (1978) 187 

[ 2 ]  

[ 31 

J.P.Christiansen,K.V.Kobcrts,J.W.Long, Com~P,hys.Comm.l4(1978)423 - 
J.Iiugil1, J.Shcf fkld , N w Z  .Fusi on 18 (1978) 15 
J.Sheff ield, Private Communicotio< Jon.1977 
C, C . Daughnc y , Nuc 1. lhs ion 1 5 ( 1 97 5) 96 7 
M.M.Murakami, H.Y.Eubnnk, Physics Today May 1979 
Pfeiffer,Waltz,Mucl.Fusion (1979) 

[ 4 ]  D.C.Robinson et al. 6th IAEA Conf. I (1977) 429. 
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2 

I '  

0. I 0.6 
Figure 1 .  Temperature profiles resulting from 

using a Bohm diffusion coefficient and 
D of (1). a 

Figure 2. Ratio between configuration 
time and confinement time. 

Figure 3. Ratio between actual con- 
finement timc and empirical con- 
f inemen t time . 
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E f f e c t s  from Impur i t i e s  i n  RFP d ischarges  
V. Piotrowicz and J .P. Chr j.st iansen 

(EuratomfiKAEA, Cul  ham Laboratory , Abingdon ,Oxon, LK) 

1 .  INTRODUCTION 

The experimental  evidence a v a i l a b l e  from measurements on RFP 

d ischarges  suggest t h a t  these  a r e  sub jec t  t o  some l e v e l  of impuri ty  
contamination, no tab ly  Oxygen and I r o n  impur i t i e s  have been observed 
by spec t roscopic  measurements. The e f f e c t s  from impur i t i e s  on Tokamak 
d ischarges  a r e  s i g n i f i c a n t  and although they a r e  not  completely under- 

s tood the re  i s  a s u b s t a n t i a l  e f f o r t  i n  desc r ib ing  impurity bchaviour 

i n  Tokamak t r anspor t  ca l cu la t ions .  This paper desc r ibes  an i r n y u r i t y  

model used f o r  c a l c u l a t i o n s  on RFP discharges.  
model has  been put  on a f u l l  time-dependent d e s c r i p t i o n  of a l l  i o n i z a t i o n  
l e v e l s  of a given specimen, because RFP discharges  un l ike  Tokamak d ischarges  
do n o t  gene ra l ly  reach a s teady  s t a t e .  
model and the  l a s t  s e c t i o n  o u t l i n e s  resu l t s  from c a l c u l a t i o n s  on RFX 

d ischarges  which a r c  assumed to  involve c e r t a i n  l c v c l s  of Oxygen COIICCII- 

t r a  t i o n  . 
2. Impuri ty  model 

The model used t o  desc r ibe  i m p u r i t i e s  assumes t h a t  t he  plasma of an 

The emphasis i n  t he  

In t h e  next  s ec t ion  we desc r ibe  t h c  

RFP evolves through a sequence of q u a s i - s t a t i c  processes  which can be 

s p l i t  i n t o  two c a t e g o r i e s  
I Entropy gene ra t ing  processes  
I1 Adiabat ic  processes  

This  model can thus  be used i n  coinb.ination with the  l-dimensional 
equi l ibr ium and t r a n s p o r t  code ATHENEI [I] . The equi l ibr ium c a l c u l a t i o n s  

of [I] i s  descr ibed i n  121 and can i n  a s t ra ight forward  manner be appl ied 

t o  the  impur i t ies .  Hence we only concern ourse lves  with en t ropy  genera t ing  
processes .  

We cons ider  a plasma c o n s i s t i n g  of e l e c t r o n s  and va r ious  ion components 

whosc f r a c t i o n a l  nbundancics arc 
f = n * / n ;  
j J  

being the number dcns i ty  and n i  the t o t a l  ion number dens i ty .  Any 
"j 
q u a n t i t y  
cxpresscd by tlic clveragc' 

J, depending on atomic mass and charge numbers can then be 
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$ > = z  €.$ 
j ~i 

All ions are assumed to share the same temperature Ti. 

H, D, T, 
heJvier impurities, e.g. Oxygen, are treated as follows: An impurity 

specimen of density n 

ionisation stages of densities (n,,n 2*o..n )en. 

processes and the transport of these stages are expressed in terms 
of the equation 

Ions like 

He are described via the equations given in [I] whereas 3 

denoted by n for brevity will compri.se 
j 

The atomic physics 
2 -  

In ( I )  F 

contains the ionization and recombination rates [3].  

is the flux of ions of ionisation stage k and the matrix 4 -k - 

For F+ we use 

t -  I)k vllk + lknk % 

where D 

frame following the host plasma. 

the neoclassical expression [ 4 ]  

is a diffusion coefficient describing diffusion in a reference k 
This diffusion coefficicnt is given by 

(3 1 2 
Dk = (l+q ) p:V 9 

but any anomalous diffusion can be included if required. The anibipolar 

drift velocity I& is expressed as 
1 I 

= (k-l)D (- Vni - - VT;) 3 k ni 2Ti 

Equation (1) is solved numerically by a technique which avoids any 

influence on the timestep At from the space-time variations of nk. This is 

necessary since a general calculation involving several aspects of RFP 

physics should not be delayed by the advance of every single ionization 

stage, The solution of (1) is solved by a fractional steps method [ 4 ] :  
Atomic physics is first advancedibt in time. 

over an interval At and finally atomic physics recurs over an interval 

IAt. We start from 

Then diffusion takes place 

set t iiig 

- n = C 3 exp (Xknet) 
k 

(4) 

(5) 
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we f i n d  t h e  eigenvalues  and eigenvectors  from 

Equation (5) advances - n i A t  i n  time. 

The d i f f u s i o n  s t a g e  

n - -  a- - -V,F a t  t 

i s  t r e a t e d  by a f u l l y  i m p l i c i t  method which advances - n A t  i n  time. The 

next  and l a s t  s t e p  f i n d s  a new s o l u t i o n  (5) and t h i s  completes one s t e p  

i n  t h e  cyc le  of c a l c u l a t i o n  of ATHENE1.. 
Because of the  l a r g e  v a r i a t i o n s  i n  space of t he  f l u x e s  ( 2 )  it i s  

p o s s i b l e  f o r  (5) t o  produce negat ive  va lues  nk e s p e c i a l l y  i n  the  wall 
region.  
151. The cure used i n  Tokamak c a l c u l a t i o n s  [5] i s  a l s o  applied hcre: 

wh i l s t  DkVnk ( 2 )  can be s p a t i a l l y  centred V n 

average 

This  phenomeila is well  known i n  Tokamak impuri ty  c a l c u l a t i o n s  

caiiiwt, t he  straight forward - k k  

(nk) j  j ( ( n k ) j - l +  ( '$)j+l) ,  

which may lead t o  nega t ive  nk i s  replaced by 

(n,) = f . (nk) j , l+( l - f j ) ("k) j+ l  
j~ 

and t h e w e i g h t i n g f a c t o r s  chosen so a s  t o  ensure 

After t h e  atomic physics  and t r a n s p o r t  have been ca l cu la t ed  we eva lua te  
t h e  i o n i z a t i o n  loss 

PA E n nkSkxk9 
'k 

t h e  l i n e  r a d i a t i o n  loss 
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and 

I n  

the  recombination r a d i a t i o n  l o s s  

I L  
hese express ion  S,R ,R denote  ion iza t ion ,  r a d i a t i v e  r ombination 

and d i e l e c t r o n i c  recombination r a t e s ;  xk i s  t h e  i o n i z a t i o n  p o t e n t i a l ,  
t he  e x c i t a t i o n  r a t e  c o e f f i c i e n t s  with a s soc ia t ed  energ ies  hEk 

6Ekm1 i s  t h e  energy of t he  resonant  t r a n s i t i o n  involved i n  d i e l e c t r o n i c  

recombination. P P P a r e  then  included i n  t h e  e l e c t r o n  energy 

equat ion.  

ions ,  e l e c t r o n s  and impur i t i e s  i s  maintained. 
3. R e s u l t s  

$? ? 2' 

4 L, R' 
Care i s  taken t o  ensure  t h a t  t h e  t o t a l  energy balance between 

We consider  c a l c u l a t i o n s  on RFX wi th  a t o r o i d a l  cu r ren t  of I = 1MA. 
'In t h e s e  c a l c u l a t i o n s  w e  vary t h e  l i n e  d e n s i t y  N as  N , 2No, 3N 
No 2.5 10 m t h e  approximate ZETA l i n e  dens i ty .  The anomalous 

e l e c t r o n  t r anspor t  is  descr ibed v i a  Llic empir ica l  s c a l i n g  law (Hugill  

She f f i e ld )  f o r  t he  confinement time T and w e  s tudy what happens i f  I i s  
held f ixed  o r  allowed t o  decay as 2, e - t / T I  with 

1% and 3%, of Oxygen impur i t i e s  a r e  s tud ied  f o r  a plasma which o therwise  

c o n s i s t s  of a 50-50 D-T mixture.  
is assumed t o  be propor t iona l  t o  the  hydrogen dens i ty .  

whcre 
0 0 1 9  -1 

E 
= 50 msec. Two l e v e l s ,  

I n i t i a l l y  t h e  impurity concent ra t ion  

The results from these c a l c u l a t i o n s  are compared with resu l t s  from 

ear l ie r  c a l c u l a t i o n s  ,both sets having i d e n t i c a l  parameters;  

a r e  hence due t o  the  time-dependent atomic physics  ca l cu la t ion .  

r e s u l t s  i n d i c a t e  t h a t  i o n i z a t i o n  e f f e c t s  dominate 

Oxygen. 

the w a l l  r eg ion  is  con t ro l l ed  by l i n e  r ad ia t ion .  

s u r p r i s i n g  t h a t  by inc luding  time-dcpendent atomic phys ics  c a l c u l a t i o n  only 

minor changes t o  the  c e n t r a l  temperatures Tbo,Tio and the  conf igura t ion  
time  occur: the  increase  i n  t o t a l  l o s s  (thermal wall  l o s s ,  r a d i a t i o n  

l o s s ,  i o n i z a t i o n  loss)incrc$.asesd course with both N and the  concent ra t ion  of 

Oxygen, but i s  balanced by a corresponding inc rease  i n  the  n e t  c i r c u i t  

t h e  d i f f e r e n c e s  

; p a t i a l  d i f f u s i o n  of 

Recombination r a d i a t i o n  dominates  i n  the  hot  core  reg ion ,  while  

I t  i s  perhaps somewhat 

a r e  of +5%, +1%, -3% for  M=No,2No,3N respec- 

t i v e l y  with s l i g h t l y  higher -lues for T . A t  low l i n e  d e n s i t y  the  inc rease  is 
due t o  Z e f f  enhancement while a t  higher  N t he  decrease  i s  caused by h igher  

c o l l i s i o n  rates.  

0 input .  The changes i n  T eosTio - 
C 
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For t h e  case of a decay ing  c u r r e l i t  we f i n d  a g a i n  t h a t  i n c l u d i n g  t h e  

i m p u r i t y  model o n l y  l e a d s  t o  small changes: t h e  c o n f i g u r a t i o n  r c ( n o t  t o o  
a c c u r a e c l y  p r c d i c t c d )  i i i c r c a s e s  s l i g h t l y  as do the c e n t r a l  t cmpcra tu rcs .  

t h e  i n c r e a s e  i n  'I a r i s e s  because t h e  i o n i z a t i o n  i n  the c e n t r e  t a k e s  a 
f i n i t e  tinic OF o r d e r  s e v e r a l  mscc. 

d u r i n g  t h e  cspniision i s  p a r t i a l l y  compcbnsatCd 

t o  time dcpeiidcnt i o n i z a t i o n .  

c 
Thus t h e  f a l l  i n  e l e c t r o n  d e n s i t y  

by t h e  i n c r e a s e  i n  ne due  

111 c o n c l u s i o n ,  it would appear  that 3 time-depcndelit t r c a t m c n t  of  1 0 W - Z  a tomic 

p h y s i c s  doesimt g r c n ~ l y  a f f e c t  t h e  r e s u l t s  ob ta ined  by prc.scribing a time-iridepen 
dent Z e f f .  However t h i s  only a p p l i e s  when s p a t i a l  i m p u r i t y  d i f f u s i o n  i s  s m a l l ,  

when t h e r e  i s  no supply o f  i m p u r i t i e s  from t h e  w a l l ( s p u t t e r i n g )  and of c o u r s e  

it o n l y  a p p l i e s  t o  t h e  f i e l d - c o n f i g u r a t i . o n s  c o n s i d e r e d ( h i g h  c u r r e n t ) .  

[I 1 J.P . C h r i s t  i a n s e n ,  K.V. Robert  s, J .W. Long, 

[ 21 K.V .Rober t s, J .  P. Chr is  t i a n s e n ,  J. W. Long, 

[31 D e s c r i p t i o n  o f  TFR code. MAKOKOT 

[41  T.Tazima e t  a l .  Nucl. Fusion 17(1977)419 

[51 M.H.Hughes, M.L.Watkins. P r i v a t e  Cormnun 
- 
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X 
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m 

Comp. Phys. 

Comp. Phys. 

c a t i o n  (197 

Comi. 14(1978)423 
c 

Cam. 10(1975)264 .- 

-80). 
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Fig.2. Oxyg n c o n c e n t r a t i o n  a t  

R F X  p a r a m e t e r s  as i n  Fig.1.  
6 F i g .  I .  Ohmic i n p u t  (FollM) , e q u i p a r t i -  

t i o n  ra te  (P ) ,  r ecombina t ion  r a d i a t i o n  t=57msec. 0 i s  f u l l y  i o n i s e d  same 
(P ), l i n e  r a d i a t i o n  (P ), I o n i s a t i o n  
loss (P ) , a g a i n s t  r a d i u s  $or RFX I=lMA, 
N=2No, *3Z Ox. a t  t =57msec 
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51. Introduction 

Computational studies have been made to investigate MID activ- 
ities of plasmas during formation o f  reversed field pinch configu- 
ration, and behaviors of plasmas after the toroidal field R is 
reversed near the wall. Emphasis is placed upon effect of Thermal 
conductivity, K , and electric resistivity, 11 , which are included 
in the nonlinear MHD equations involved. These transport coeffi- 
cients are classical o r  anomalous. In addition to these coeffi- 
cients, we are forced to include some l o s s  mechanisms in the equa- 

1 R .  Physical origins which t .he anomalies of the coefficicnts and 
the losses come from are not discussed here. 

Some preliminary results a r e  obtained on 3D nonlinear stabil- 
ity of  reversed f i e l d  cylindrical plasma. For high II modcs, plns- 
ma kinetic energy incrcascs and  t h c  niodes show nonlinear instnhil- 
ity. For low n modes, plasma seenis to be stable. 

to obtain agreement with experimental results o f  ETL-TPE- 

9 2 .  The Model and Numerical Method 

The model of computation is described by a s e t  of nonlinear 
MHD equations. The plasma is a single fluid. The continuity equa- 
tion, the equation of motion, the equation of kinetic pressure and 
the equation for magnetic field are used. The current is defined 
as LI j) = V’xls, as usual. The electric field, E ,  is given by simple 
Ohm’g law, E + w B  = 0 4 .  
scaler, but tensor, and expressed by perpendicular K ~ ,  and parallel, 
K,,, components to the magnctic field. The resistivity, n , is 
assumed isotropic, oII : q + ,  

When we are considering turbulence in plasma, which may be 
brought about by microinstabilities of waves, or by MI-ID instabili- 
ties, transport in plasma will become enhanced beyond classical 
level. This effect can be taken into account by anomalous increase 
of collision frequency, v , In pinch plasma, we consider that 
anomaly is caused by strofig poloidal current. 
rate of current driven instabilitics is taken to be  $he ion plasma 
frequency, w 
developed Pi turbulence is \ I  - . Whcn classignl collision 

The thermal conductivity is not necessarily 

Characteristic growth 

, and anomalous cgllision frequency, v , for fully 
C P:  

* Present Address: The Institutc of  Laser Engineering, Osaka 
University, Suita, Osaka 565 
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fgequency  i s  e x c e e d e i  by anomnEous o n e ,  t h e  c o l l i s i o n  f r e q u e n c y  i s  
v e ,  o t h e r w i s e  v - v , where v i s  c l a s s i c a l  c o l l i s i o n  f r e q u e n c y .  

I n  o r d e r  t 8  s u p F e s s  anomaEous p i l i n g  up o f  k i n e t i c  e n e r g y  
found  i n  t h e  n u m e r i c a l  model ,  we have  been  making u s e  o f  l o s s  
terms which  a r e  p r o  o r t i o n a l  t o  p r e s s u r e ,  p , and t o  ( r / a ) 2  where 
a i s  minor  r a d i u s .  ‘7 The l a t t e r  f a c t o r  i s  p r o p o r t i o n a l  t o  volume,  
s o  t h a t  e f f e c t i v e  i n  t h e  o u t e r  r e g i o n  o f  t o r o i d a l  o r  c y l i n d r i c a l  
p l a sma .  These  l o s s  t e r m s  may be  e x p l a i n e d  a s  r a d i a t i o n  l o s s  o r  
someth ing  e l s e ,  b u t  wc d o  n o t  c n t c r  i n t o  d e t a i l  h e r e .  Ne have  
o n l y  t o  e n p h a s i z e  t h a t  t h c s e  t e r m s  a r e  n e c e s s a r y  t o  r e p r o d u c e  
e x p e r i m e n t a l  r e s u l t s .  

Neumann and Richtniyer  311 , Q, 
This  i s  needed  t o  s u p p r c s s  i \ t m c r i c a l  f l u c t u a t i o n s  coining from 
d i  s c r c t i z a t i o n  o f  c o n t i n u o u s  p l a s m a  f l u i d .  

rcf. 4. 
Cont inuous  E u l e r i n n ,  A r b i t r a r y  L a g r a n g i a n  n n d  E u l c r i a n .  Wc a r c  
d e v e l o p i n g  a n o t h c r  mcthotl o f  n u m c r i c a l  s o l u t i o n  o f  n o n l i n c n r  Fllln 
e q u a t i o n s ,  which a r c  c x t c n s i o n  o f  I C E D  A L E  and o f  f i n i t e  c lc incnt  
method,  FEMALE - F i n i t c  I’.lcmcnt Method f o r  A r b i t r a r y  1,agrnngiaIr 
and E u l c r i a n  e l e m c n t s .  I ~ O W C V C T ,  r h e  r e s u l t s  o f  computa t io i i  h c r c  
a r e  o b t a i n e d  b I C E D  A L E .  The 21) and 31) codes  a r e  w r i t t e n  i n  

D i f f e r e n c e  be tween o u r  method and I C E D  ALE i s  m a i n l y  l a y o u t  

T o r  n u m e r i c a l  p u r  o s c ,  t h c  a r t i f i c i a l  v i s c o s i t y  due  t o  von 
p(ci iv  u ) ~  when d i v  u < 0 ,  i s  u s e d .  

The nunrc r i ca l  mcthod usccl i n  O I I T  coinput : i t ion i s  d s c r i h c d  in 
This i s  soincliow modiCicd v e r s i o n  o f  I C E n  A L E s F -  I n p l i c i t  

Olympus s y s t e m  i t 7 )  c a l l e d  O R I O N .  

o f  p h y s i c a l  q u a n t i t i e s .  I n  o u r  method,  t h e  p o s i t i o n  x ,  t h e  
v e l o c i t y  v, and t h e  m a g n e t i c  f i e l d  lB a r e  a s s i g n e d  t o  v e r t i c e s ,  
w h i l e  d e n s i t y  n ,  p r e s s u r e  p ,  t e m p e r a t u r e  T ,  c u r r e n t  j and t h e  
e l e c t r i c  f i e l d  E a r e  a s s i g n e d  t o  g e o m e t r i c a l  c e n t e r  o f  c e l l .  
A l g o r i t h m  h a s  t o  be  changed  i n  c o n s e q u e n c e .  

I n  2 D  s i m u l a t i o n ,  geometry  i s  t o r o i d a l .  I n i t i a l l y ,  p lasma 
h a s  c o n s t a n t  d e n s i t y  and t e m p c r a t u r e ,  c o n f i n e d  by  t o r o i d a l  m a g n e t i c  
f i e l d .  A t  t h i s  i n s t a n t ,  t = 0 ,  p o l o i d a l  f i c l t l  s t a r t  g rowing ,  
r e a c h i n g  maximum v a l u c  a t  t > 0 .  Dur ing  g rowth  o f  t h e  p o l o i d n l  
f i e l d ,  t h e  t o r o i d a l  f i e l d  change  i t s  J i r c c t i o n  t o  n c g n t i v c  v a l u e  
a t  t h e  w a l l .  Wc assumc t h e  b o u n d a r y  c o n d i t i o n  showi i n  F i g .  1. 
From t h e  t o r o i d a l  c u r r e n t  i n  t h i s  f i g u r e ,  t h c  p o l o i d n l  f i e l d  a t  
t h c  w a l l  i s  d e r i v e d  a n a l y t i c a l l y  a s  t h e  boundary  c o n d i t i o n .  T ~ c  
d e n s i t y  and t e m p e r a t u r e  a r e  f i x e d  a t  t h e  wall. The p lasma a t  t h e  
w a l l  i s  a t  r e s t  t h r o u g h o u t  c o m p u t a t i o n .  

F o r  t h e  3 D  s i m u l a t i o n ,  we s t a r t  c o m p u t a t i o n  from e q u i l i b r i u m  
s t a t e  o f  Bessel f u n c t i o n  model ,  on which impos ing  some p e r t u r b a t i o n  
o f  m = 1 and n > 0 modes,  s i n c c  we a r e  i n t e r e s t e d  in n o n l i n c a r  
s t a b i l i t y  of  r e v e r s e  f i e l d  p l a sma .  The boundary  c o n d i t i o n  i s  t h e  
same one  as t h e  2 D  cases .  

Our p u r p o s e  o f  s i m u l a t i o n  i s  m a i n l y  f o c u s e d  t o  i n v e s t i g a t e  
t h e  p lasma p r o p e r t i e s  o f  e x p e r i m e n t  E T L - T P E - 1 ,  s o  p a r a m e t e r s  o f  
d e v i c e  a r e :  R(major  r a d i u s )  = S O c m ,  a (minor  r a d i u s )  = 10cm, no  
( i n i t i a l  p l a sma  d e n s i t y )  = 1 0 1 5 c m - 3 ,  T ( i n i t i a l  t e m p e r a t u r e )  = 
l e v ,  I (maximum t o r o i d a l  c u r r e n t )  = 1 8 5 ~  BT ( t o r o i d a l  f i e l d  a t  
t h e  waP1) = 2 . 4  K g a u s s  t o  - 0 . 2  K g a u s s .  
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53. Computational Results 

(1) For general references, we first consider the case where n is 
classical and isotropic. rl is taken from ref. 8 where n,, nL. K 
is also classical and K,~ > >  K ~ .  The loss terms, -p(r/a)*/.r are 
also included, where 'I 1 psec. Results are shown in Fig!"4. At 
6 psec, when 
toroidal currenT and temperature are peaked near the wall, contrary 
to the experiment. The field is almost flat around the axis. 
These show the diffusion is poor in this case, suggesting the 
resistivity, TI , must be anomalous. 
ity by factor 5. In this case, toroidal current is slightly 
diffused, but the peaking of the temperature enhanced because of 
increase of Ohmic heating. The toroidal field has profile not s o  
much different from the case of pure classical resistivity. The 
F-6 diagram is shown in Fig. 2 for thc pure classical case. Simu- 
lation points gocs down along the Bessel function model line. 
After the reversal o f  ficld, the F - 0  values s t a y ,  n o t  going to the 
large 0 value region. 
(2) To investigate the effect of  anisotropy of the thermal conduc- 
tion, the case where K L  is set equal to classical K N  is examincd. 
The total toroidal magnetic flux, 4 for the cases o f  KA < <  K,, and 
of KL = K// is shown in Fig. 3 .  Experimentally, $ is almost con- 
stant, and support the anisotropy of IC , KI < <  K// . 
( 3 )  The result of computation with the pure classical resistivity 
showed that the plasma must be more resistive. We examined the 
resistivity, n , which is anomalous. The anomaly of the resistiv- 
ity is assumed to come from the velocity driven microinstabilities, 
such as Bunemann instability, ion acoustic wave instability, or 
lower hybrid wave instability. To take into account of these 
instability peenomenologically, we replace theaclassica& coliision 
frequency, u simply by the angmalous one, v , when v e  < v in 
the plasma. 
vD is a drift vglocity derivable from pi the currenp, and 

f l  and f2care constants of 
Esker of magnitude of  unity. v w i l l  exceed v when and where 
v > >  v . The profile o f  the femperature, theetoroidal current 
aRd maghktic fields are computed and shown in Fig. 5 .  
the toroidal current and the magnetic field is observed. The tem- 
perature is also diffused, but not sufficient, in comparison of  
experiment. In Fig. 2 ,  the F-e diagram shows the failure of setting 
up o f  equilibrium of reversed field configuration f o r  this case of 
the anomalous resistivity. The value of e goes to the right, 
increasing indefinitely. 
( 4 )  These results o f  the computation show 

(ii) The resistivity is anomalous at the setting up phase of 

B was rkversed at the wall 2 psec before, the 

We examined another case by enhancing the classical resistiv- 

e;a is defined as we = flu (1 - Exp(-v /fzvth)f, 
is an- thermal velosity. 

Diffusion of 

(i) The thermal conductivity has to be naturally anisotropic with 
respect to the direction o f  the magnetic field. 

reverse field pinch configuration, since the classical 
resistivity can not reproduce diffused profile of the current 
and the magnetic field. However, the anomaly of the resistiv- 
ity could not reproduce the diffused profile of the 
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t emper  t u r e .  On t h e  c o n t r a r y ,  t h e  l a r g e  v a l u e  o f  t h e  r e s i s -  
t i v i t y  enhance  t h e  t e m p e r a t u r e  due t o  Ohmic h e a t i n g ,  t h u s  
r e d u c i n g  t h e  r e s i s t i v i t y  i t s e l f  n e a r  t h e  w a l l .  I n  a d d i t i o n  t o  
t h e  p r o f i l e  o f  t h e  t e m p e r a t u r e ,  t h e  F - 8  d i ag ram showed t h a t  
t h e  f a i l u r e  o f  r e a c h i n g  s t a b l e  r e v e r s e  f i e l d  c o n f i g u r a t i o n .  
Hence i t  i s  e x p e c t e d  t h a t  a f t e r  t h e  f i e l d  r e v e r s a l ,  t h e  
r e s i s t i v i t y  i s  r a t h e r  c l a s s i c a l  t h a n  anomalous .  

( 5 )  H e r e t o f o r e ,  we have  been  c o n s i d e r i n g  t h e  2 D  s i m u l a t i o n ,  We 
now c o n s i d e r  t h e  3D s i m u l a t i o n .  
c a l  p l a sma  i s  assumed,  w i t h  t h e  p e r i o d i c  boundary  c o n d i t i o n  a l o n g  
t h e  a x i s .  
and n i s  a t o r o i d a l  node number. A s  i n i t i a l  c o n d i t i o n ,  we assume 
t h e  Bessel f u n c t i o n  model f o r  t h e  t o r o i d a l  and p o l o i d a l  m a g n e t i c  
f i e l d .  Thus ,  t h e  c u r r e n t  i s  f o r c e  f r e e .  The p r e s s u r e  i s  t e n t a t i v e -  
l y  assumed s i n u s o i d a l  p r o f i l e  w i t h  maximum v a l u e  a t  t h e  a x i s ,  p = 
p c o s ( ~ r r / 2 a ) .  
b 8 t i o n  o f  ( m ,  n )  mode. 
c o m p u t a t i o n  and o v e r  whole  p l a sma  r e g i o n .  The boundary  v a l u c s  o f  
p l a sma  p a r a m e t e r s  a r c  f i x e d  t o  t h e  v a l u e s  g i v e n  a t  i n i t i a l  t ime)  
The p a r a m e t e r s  g i v e n  i n  t h i s  way c o r r e s p o n d  t o  S - S x l o 3 .  Thl? 
q - v a l u e  v a r i e s  from 0 .154  t o  - 0 . 0 4 2 ,  r a t h e r  s m a l l ,  o v e r  p l a s m a .  

The e v o l u t i o n  o f  k i n e t i c  e n e r g y  is  shown F i g .  6 .  The v o r t i c e s  
a r e  formed c o r r c s p o n d i n g  t o  t h e  (m,n) v a l u e s .  Fo r  m = 1 and n 5 5 ,  
we c o u l d  n o t  o b s c r v e d  t h e  growth  o f  k i n e t i c  e n e r g y ,  showing non-  
l i n e a r  s t a b i l i t y ,  For  h i g h  n modes,  n 2 1 0 ,  t h e  p lasma i s  
i n i t i a l l y  s t a b l e ,  s h o w i n g  the d c c r c a s e  o f  k i n e t i c  e n e r g y .  I lowever,  
s u d d e n l y  become r a p i d  growth  o f  k i n e t i c  e n e r g y .  Fo r  i n t e r m e d i a t e  
v a l u e s  o f  n , we have  n o t  y e t  i n v e s t i g a t e d  c o i n p l i c a t e d  b e h a v i o r s  
o f  p e r t u r b a t i o n s .  

I n  t h e  3D s i m u l a t i o n ,  t h e  c y l i n d r i -  

The p e r i o d  i s  Z.rrR/n, where R i s  a ma jo r  r a d i u s  o f  t o r u s ,  

Upon t h i s  q u a s i  e q u i l i b r i u m ,  we impose s m a l l  p e r t u r -  
The r e s i s t i v i t y  i s  c o n s t a n t  t h r o u g h o u t  
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S. N. R a s b a n d  
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Provo, Utah 84602 

U.S.A. 

ABSTRACT 

The implications of anisotropy in the "a" and "8" effect of mean field 

electrodynamics for a steady-state, reversed-field solution of the induction 

equation is studied. The anisotropy considered is that imposed by the 

assumption of cylindrical symmetry. 

1. INTRODUCTION 

It has been suggested t h a t  the methods and concepts of  mean field 

electrodynamics may be useful in understanding the behavior of plasmas 

confined in reversed-field pinch (RW) machines. [l t 2 I  

called "a  effect" of turbulent dynamo theory has been shown to be capable of  

giving self-reversal of the toroidal magnetic field. [ ' I  

In particular, the so- 

In this communication we extend previous kinematic studies to include 

anistropy. The perspective is that of kinematic dynamo theory: We prescribe 

the velocity field and study the rcsiiltant magnetic field behavior. We make 

no attempt in the current: work t.o constder a dynanrLc cqriation fo r  

determination of the f 1 . u i t l  vcloc l  ty and the turbul(3ncc Imrarnetcrs. 
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2 .  THE INDUCTION EQUATION 

For a discussion of the basic assumptions, validity criteria, and a 

general exposition of  "mean field electrodynamics," the reader i s  referred to 

Mof fatt . [31 For our purposes we begin with the induction equation of mean 
field electrodynamics, 

a 5  - = Vx(G x B' + 6) + nv2B'. a t  

rl is the plasma resistivity, assumed to be spatially homogeneous, isotropic, 

and time independent. We recognize t h a t  the effects of anisotropic 

resistivity can be significanr and may arise from many sources, quite 

independent of plasma turbulence. Nevertheless, we ignore all contributions 

to anisotropic resistivity except that due to turbulence as included below. 

In equation ( I )  

respectively. E is the effective electric field and we write the Cartesian 

v' and B' are the mean velocity and mean magnetic field 
+ 

+ 
components of E in the expanded form 

a d - 
Ei a ij j + Bijk ax k .  

We confine our attention to a cylindrical conducting fluid contained 

within a conducting shell of radius - a. We will also consider only azimuthally 
A 

-t A 

symmetric situations; B(r,t) = OB (r,t)'+ zBZ(r,t) and f(r,t) = iU(r,t). 0 

In deference to the global, geometric symmetry, and as a generalization 

o f  the isotropic case, where a 

preferred direction along the axis of the cylinder given by the unit vector 

= agij and Bijk = Bci jk ,  we assume a 
i j  

+ *  
e E z. In this case a and Pijk can be written as 

ij 

and 
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The tensors gi, and cijk are the usual metric and Levi-Civita (permutation) 

tensors. The quantities a a and B o ,  ..., El3 are pseudo-scalars and the 

remaining f i 0 , . . . , B 3 ,  a are pure scalars, A l l  are spatially independent from 

the assumption that the statistical properties of the fluctuating fields are 

homogeneous. 

N N 

1' II - 

We note that anisotropic turbulence leads t o  anisotropic resistivity. Ne 

define qI To achieve a dimensionless form 

for equation (1) we scale distances in terms of the radius of the cylinder and 

times in terms of the parallel resistive diffusion time. Specifically we let: 

x = r/a, T = qllt/a2, 6 = 3 /nl,, sI = aa / n  

Equation (1) in component form then becomes 

q + Bo + B 1  and r j  f n + Bo + B 2 .  

s - au,,/n,, , and v = aUhg 1 1 1 '  I 

3 .  STEADY-STATE SOLUTION 

The parameter d clearly is a measure of the anisotropy in the resistivity 

due to turbulence, in so far as Bijk quantifies this effect. 

c - 
"a effect." 

We define 

s p  I which then represents a similar measure of the anisotropy in the 

In order to focus on anisotropy we set: the velocity equal to zero. 

Furthermore, to facilitate comparison, we model our notation after that of 

reference 1. 

As boundary conditions we assume lor equations ( 7 )  and ( 8 )  that the 

2 toroidal flux is na Bo and the value of Bo a t  the w a l l  Is Ioa. We define t h e  

221 



u s u a l  p i n c h  r a t i o  8 = Ioa/Bo and t h e  p a r a m e t e r  E = (sls ,,/6;/2 = si(<&) - ' /2 . 

BZ(x)/Bo 1-286C/Sl + 8(C&;j2 Jo(cx)/J1 ( E )  , (7 1 

The components  o f  t h e  mean m a g n e t i c  f i e l d  are  

and  
B ~ ( x ) / B ~  = BJ~(EX)/J l(~). 

Assuming t h a t  t h i s  s t e a d y  s t a t e  s a t i s f i e s  VP = 3 x "B w i t h  P ( a )  = 0 , we 

o b t a i n  t h e  p r e s s u r e  p r o f i l e :  
B2 

2u 
0 P(x) - - ( 2 ( 2 8 6 5  - sI )8E-1(J0 (EX)-J~(E)]/JI(E) 

+ (1 - ~6)8*[J;(~x) - J2(~)]/Ji(~)) 0 . (9 1 

The u s u a l  p o l o i d a l  b e t a  g i v e n  by t h e  r a t i o  of t h e  a v e r a g e  k i n e t i c  p r e s s u r e  t o  

t h e  p r e s s u r e  of t h e  p o l o i d a l  m a g n e t i c  f i e l d  a t  t h e  wal l  is found t o  

From e q u a t i o n  ( 7 )  we r e a d i l y  o b t a i n  a c o n d i t i o n  on t h e  t h r e e  p a r a m e t e r s  

s 8 ,  and E f o r  B, t o  e q u a l  z e r o  a t  x = xo. We f i n d  0 < E < y1,  and I' 
s 1 -l = 6 [ 2 ~ - ~  - E - ~ J ~ ( E X ~ ) / J ~ ( E ) ]  (11) 

E q u a t i o n  (11) represents a t h r e s h o l d  c o n d i t i o n  for f i e l d  r e v e r s a l  in t h e  

s t e a d y - s t a t e  s o l u t i o n s  o f  e q u a t i o n s  (7) and (8 ) .  Among t h e  i m p l i c a t i o n s  of 

e q u a t i o n  (11) we f i n d  t h a t  smaller amounts  of t h e  "a e f f e c t "  c a n  s t i l l  l e a d  t o  

r e v e r s a l  i n  t h e  s t e a d y  s t a t e ,  i f  t h e  r e s i s t i v i t y  i s  s u f f i c i e n t l y  

a n i s o t r o p i c .  For example  t a k i n g  xo = 1, w i t h  t h e  parameter c h o i c e s  

s = 1.0, s = 1.0, 0 = 1 . 5 ,  and 6 = .0912, e q u a t i o n  (11) is s a t i s f i e d .  T h i s  1 n 
q,, = l l q  and  f o r  t h e  parameters o f  t h i s  example ,  8; = 0 .26 .  T h i s  1 g i v e s  

r e d u c t i o n  i n  t h e  r e q u i r e d  magn i tude  o f  t h e  "a e f f e c t "  f o r  f i e l d  r e v e r s a l ,  

t h r o u g h  anisotropy i n  t h e  t u r b u l e n t  r e s i s t i v i t y ,  may be p h y s i c a l l y  important 

s i n c e  it, r e d u c e s  the h e l i c i t y ,  o r  l a c k  of mlrror symmetry,  r e q u i r e d  for t h e  

f l u c t u a t i n g  part of t h e  v e l o c i t y  f i e l d .  T h i s  i s  e v i d e n t  from t h e  e x p r e s s i o n s  

f o r  0 a n d o  where we see  t h a t  t u r b u l e n t  r e s i s t i v i t y  depends  on s c a l a r s  as 
1 I I  
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opposed t o  p s e u d o - s c a l a r s .  We a l s o  s e e  from e q u a t i o n  (20)  t h a t  f o r  x > . 6 3 ,  

r e v e r s a l  r e q u i r e s  t h a t  s > 0. 
0 -  

1 

F i g u r e  1 i l l u s t r a t e s  t h e  type  of changes i n  t h e  (sI - 0)  paramete r  space  

which r e s u l t  from a n i s o t r o p y .  The upper bound f o r  s is e s t a b l i s h e d  s o l e l y  

by t he  requirement  t h a t  P(x) > 0 f o r  0 < x < 1. The shaded r e g i o n s  d e n o t e  

p o s s i b l e  parameter  c h o i c e s  w i t h  f i e l d  r e v e r s a l .  We n o t e  t h a t  a n i s o t r o p y  can 

1 

- - -  

c o n s i d e r a b l e  r educe  t h e  low b e t a  r e g i o n  a v a i l a b l e  w i t h  f i e l d  r e v e r s a l .  
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THE ROLE OF IMPURITIES I N  PRODUCING THERMAL INSTABILITY I N  THE RFP 

2 2  anTe 3+ + + -+ 3nle n 
I -- -b z V * V p T e  + nTe V.6, = - V.4, - 

M (Te-Ti) + :*j2 - Kn2TZ, ( 3 )  2 a t  

E. J. Caramana and F. W. P e r k i n s  

I. I n t r o d u c t i o n  

A plasma can become the rma l ly  u n s t a b l e  due t o  the t empera tu re  dependence of 
t h e  h e a t i n g  and c o o l i n g  f u n c t i o n s ,  whereby a small i n c r e a s e  i n  t empera tu re  about  
a n  e q u i l i b r i u m  l e a d s  t o  a n  i n c r e a s e  i n  t h e  h e a t i n g  f u n c t i o n  and a d e c r e a s e  i n  
t h e  c o o l i n g  f u n c t i o n .  Th i s  i n s t a b i l i t y  can occur  as a consequence of plasma 
t r a n s p o r t .  

11. Thermal I n s t a b i l i t y  

a )  P h y s i c s  Model 
We c o n s i d e r  t h e  MHD f l u i d  e q u a t i o n  w i t h  t h e  i n e r t i a  n e g l e c t e d  and assume 

The e q u a t i o n s  are: 
c y l i n d r i c a l  symmetry ( a l l  q u a n t i t i e s  depend on ly  on t h e  r a d i a l  c o o r d i n a t e  r ) .  

a n  + +  

a t  
- + V*Vrn = 0 

+ a B  + + +  - - Vx(VrxH) = vxcfi.3, 
a t  

+ 
Vp = (p=n(T, + T i ) ) ,  

+ c + +  
j = - V x B ,  

4n 

( 5 )  

" where qe ,  h i ,  and 11 are  t h e  e l e c t r o n  and i o n  h e a t  flux and t h e  r e s i s t i v i ty  
t e n s o r  r e s p e c t i v e l y .  

C l a s s i c a l  t r a n s p o r t  c o e f f i c i e n t s  i n  t h e  s t r o n g  f i e l d  l i m i t  are assumed- We 
i n c l u d e  i n  t h e  e l e c t r o n  t empera tu re  Eq. ( 3 )  a term which models energy l o s s  from 
i m p u r i t i e s  Kn2TE, where K i s  a c o n s t a n t  and a = a(Te). 

224  



b )  P h y s i c a l  E x p l a n a t i o n  of t h e  Thermal I n s t a b i l i t y  
Note t h e  f o l l o w i n g  r e l a t i o n s h i p s  among t h e  p h y s i c a l  p r o c e s s e s  con ta ined  i n  

E q s , ( l ) - ( 6 ) .  

2 2 
Y P D  6 YOH YETC = 6 YOH 

2 Y E I  = A B YOH 

where 
y p ~  = p a r t i c l e  d i f f u s i o n  ra te  
y m  
YDH = ohmic h e a t i n g  r a t e  
Y E I  
YETC = e l e c t r o n  the rma l  conduc t ion  r a t e  

2 
YITC = i o n  the rma l  conduc t ion  ra te  
A = (plasma r a d i u s / i o n  g y r o r a d i u s )  

= magnet ic  f i e l d  d i f f u s i o n  rate 

= e l e c t r o n - i o n  t empera tu re  e q u i l i b r a t i o n  r a t e  

For  
and t h a t  t h e  dominant t r a n s p o r t  p rocess  is t h e  magnet ic  f i e l d  ( c u r r e n t r  
d i f f u s i o n  ym. 

i n s t a b i l i t y  can  occur  due t o  c u r r e n t  d i f f u s i o n  i n t o  a r eg ion  of 
lower r e s i s t i v i t y  ( h i g h e r  t e m p e r a t u r e ) ,  which a i d e s  t h e  ohmic h e a t i n g  i n  t h a t  
r e g i o n ,  f u r t h e r  d e p r e s s i n g  t h e  r e s i s t i v i t y  and c a u s i n g  more c u r r e n t  d i f f u s i o n .  

T h i s  p r o c e s s  is d e p i c t e d  s c h e m a t i c a l l y  i n  Fig. 1 where t h e  oxygen r a d i a t i o n  
b a r r i e r  can be surmounted a t  P o i n t  "A" by a l lowing  t h e  plasma t o  f o l l o w  t h e  
ohmic h e a t i n g  c u r v e  j,, - n-l(yoH - n) i n s t e a d  of j - c o n s t .  ( y O H  - q-'. +These 
two h e a t i n g  c u r v e s  a re  t h e  p o s s i b l e  s t e a d y  s t a t e  s o  u t i o n s  t o  Eq. ( 2 ) 1  (Vr i s  
n e g l i g i b l e ) .  The plasma s w i t c h e s  from t h e  j , ,  - c o n s t .  t o  t h e  j, - n h e a t i n g  
c u r v e  v i a  c u r r e n t  d i f f u s i o n  and can  t h u s  overcome t h e  r a d i a t i o n  b a r r i e r  a t  
i s o l a t e d  s p a t i a l  p o i n t s ,  As t h i s  occu r s  t h e  d e n s i t y  p r o f i l e  remains almost  
unchanged s i n c e  ypD i s  small. 

Th i s  i n s t a b i l i t y  h a s  been p r e v i o u s l y  cons ide red  by Kadomtsev' f o r  t h e  case 
of a weak c u r r e n t  a l o n g  a s t r o n g  magnet ic  f i e l d  ( " supe rhea t ing  i n s t a b i l i t y " ) .  
We c o n s i d e r  t h e  case of a s t r o n g  c u r r e n t  a long  a s t r o n g  magnet ic  f i e l d  and a l s o  
a non-equi l ibr ium e l e c t r o n  t empera tu re  and t h e  p re sence  of i m p u r i t i e s .  

The p h y s i c s  c o n t a i n e d  i n  Eqs. (1)-(6)  i s  r e p r e s e n t e d  more c l e a r l y  by 
t r a n s f o r m i n g  t h e s e  e q u a t i o n s  i n t o  a normalized p o l o i d a l  f l u x  r e p r e s e n t a t i o n  
where t h e  dependent v a r i a b l e s  a r e  a d i a b a t i c  i n v a r i a n t  q u a n t i  t i e s  . 2  T h i s  
r e p r e s e n t a t i o n  is u s e f u l  for bo th  numerical  and a n a l y t i c a l  work. 

low B we see t h a t  t h e  f a s t e s t  plasma p rocess  i s  t h e  ohmic h e a t i n g  yo 

A t he rma l  

- i 

The new independent  v a r i a b l e  i s  d e f i n e d  as 

where a i s  t h e  plasma r a d i u s .  The new depcndcnt v a r i a b l e s  a r e  
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where $ = $PT/$o and $o, no, and To are  r e f e r e n c e  q u a n t i t i e s .  Using t h i s  
r e p r e s e n t a t i o n  we perform a l inear  s t a b i l i t y  analysis on Eqs.  ( 1 ) - ( 6 )  assuming 
low plasma beta. We assume 

P'  = Po' + €P' l (X, ' )  ( €  << 1 )  , 

, Po' i s  a c o n s t a n t ,  and T i s  time measured i n  of 
We assume YITC t o  be l a r g e  s o  t h a t  no p e r t u r b a t i o n  i n  t h e  

The r e s u l t  of t h i s  s t a b i l i t y  ana lys i s  y i e l d s  

u n i t s  i kx+w t where P I ' ,  e l  - e 
y G 1  ( n o t e  j,, - l"). 
i o n  t empera tu re  can develop.  

where < = B1/Beo and c I - c ~  a r e  q u a n t i t i e s  c o n s t a n t  in time. In a r r i v i n g  a t  
Eqs. ( 7 ) - ( 9 )  t h e  e l e c t r o n  thermal  conduc t ion  term, t h e  p e r p e n d i c u l a r  c u r r e n t ,  
t h e  d e n s i t y  e q u a t i o n ,  t h e  p r e p s u r e  ba l ance  e q u a t i o n ,  and consequen t ly  a l l  terms 
i n  Eqs- ( 1 ) - ( 4 )  c o n t a i n i n g  V r  have dropped o u t .  The r e l e v a n t  q u a n t i t y  d r i v i n g  
t h e  i n s t a b i l i t y  i s  5 ,  t h e  r e l a t i v e  e l e c t r o n  t empera tu re  p e r t u r b a t i o n ,  as can be 
s e e n  from Eq. (7 ) .  The e f f e c t  of a s p a t i a l l y  uniform energy l o s s  term i s  t o  
i n c r e a s e  5 by r educ ing  t h e  growth of t h e  z e r o t h  o r d e r  e l e c t r o n  t empera tu re  eeo. For t h e  e q u i l i b r i u m  case eeo = c o n s t . ,  t h e  growth ra te  w of t h i s  i n s t a b i l i t y  
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approaches  t h e  ohmic h e a t i n g  ra te  yOH, which is t h e  f a s t e s t  t i m e  scale i n  
Eqs. (1)-(6). 

In  Fig.  2 w e  p r e s e n t  r e s u l t s  of a numer i ca l  s i m u l a t i o n  u s i n g  ZT-40 
param t e r  (Iz = 500 kA, a = 20 cm). There i s  a uniform plasma d e n s i t y  of 
lx101zcm-5 and,  except f o r  t h e  i n n e r  4 cm, a lo%,  2.5 c m  wavelength i n i t i a l  
c u r r e n t  p e r t u r b a t i o n  t h a t  i s  assumed t o  remain from t h e  f o r m a t i o n  phase. The 
i n i t i a l  t empera tu re  is a uniform 1 0  eV. The p a r a l l e l  c u r r e n t  and t h e  e l e c t r o n  
t empera tu re  are  shown as a f u n c t i o n  of r a d i u s  a t  t h e  i n i t i a l  time and f o r  t h r e e  
cases a t  100 ps: i m p u r i t y  f r e e ,  2% oxygen, and 4 %  oxygen. From Fig.  2 w e  n o t e  
t h e  fo l lowing :  

8 ,  is above t h e  25 eV oxygen r a d i a t i o n  b a r r i e r  f o r  a l l  cases. 
6j,, grows even f o r  0% ox. 

l e a d i n g  t o  l a r g e  6 j ,, . 
1) 
2) 
3) t empera tu re  wells f o r  t h e  4 %  ox c a s e  are caught  on t h e  ox rad.  b a r r i e r  

We see from t h i s  f i g u r e  t h e  l a r g e  e f f e c t  t h a t  a small amount of oxygen can  
have on a n  i n i t i a l  c u r r e n t  p e r t u r b a t i o n .  

The c lass ica l  damping mechanism f o r  t h i s  i n s t a b i l i t y  i s  s e e n  t o  be t h e  i o n  
t h e r m a l  c o n d u c t i v i t y ,  which i s  e f f e c t i v e  i n  damping t h e  e l e c t r o n  t empera tu re  
p e r t u r b a t i o n  once t h e  i o n  t empera tu re  B i o  > However, t h i s  can t a k e  a time 
on t h e  o r d e r  of m i l l i s e c o n d s  t o  happen. 

due  t o  t h e  t empera tu re  e q u i l i b r a t i o n  term. 

3 

111. Anomalous T r a n s p o r t  

S i n c e  t h e  c u r r e n t  and t empera tu re  p e r t u r b a t i o n s  grow by a l a r g e  amount 
b e f o r e  they  are  damped by a c l a s s i c a l  mechanism, w e  must expec t  t h a t  some 
anomalous mechanism w i l l  p r o v i d e  t h e  damping. 

The anomalous damping mechanism must be such t h a t  t h e  r e s u l t a n t  x l e / ~ , ,  i s  
g r e a t l y  enchanced o v e r  t h e  c l a s s i c a l  ca se .  

The observed e l e c t r o n  the rma l  c o n d u c t i v i t y  i n  tokamaks is 100 times 
c l a s s i c a l .  When s i m u l a t i o n s  were performed w i t h  t h i s  v a l u e  of xLe t h e  i n i t i a l  
c u r r e n t  p e r t u r b a t i o n  decays.  S i n c e  tokamaks have amounts of i m p u r i t i e s  t h a t  are  
i n  t h e  range of t h o s e  used in t h e s e  c a l c u l a t i o n s ,  i t  is i n t e r e s t i n g  t o  s p e c u l a t e  
t h a t  t h e r e  cou ld  be some connec t ion  between t h e  the rma l  i n s t a b i l i t y  and t h e  
anomalous e l e c t r o n  c o n d u c t i v i t y  observed i n  tokamaks. 

I V .  Conclusions 

1. The RFP c a n  be t h e r m a l l y  u n s t a b l e  a t  low b e t a  due t o  t h e  i n t e r a c t i o n  of 

2. I n i t i a l  c u r r e n t  p e r t u r b a t i o n s  remaining from t h e  fo rma t ion  phase may be 

3 .  Such p e r t u r b a t i o n s  w i l l  be damped by some anomalous mechanism which 

c u r r e n t  d i f f u s i o n  and ohmic h e a t i n g .  

expec ted  t o  grow r a p i d l y  w i t h  on ly  modest amounts of plasma i m p u r i t i e s  p r e s e n t .  

i n c r e a s e s  xle/nI,  above t h e  c l a s s i c a l  value.  

Re fe rences  

1. B. B .  Kadomtsev, Reviews of Plasma P h y s i c s ,  Vol. 2 ,  p. 153. 
2. E. J. Caramana and F .  W. P e r k i n s ,  PPPL-1626, 1980. 
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Figure 2 

Fig .  1. The r a d i a t i o n  c o o l i n g  ra te  due t o  oxygen i s  given as a f u n c t i o n  of 

temperature assuming c o r o n a l  e q u i l i b r i u m .  A l s o  drawn are t h e  ohmic 

h e a t i n g  r a t e  f o r  a c o n s t a n t  c u r r e n t  d e n s i t y  ( s o l i d  l i n e ) ,  shown t o  

i n t e r s e c t  t h i s  cu rve  a t  p o i n t s  A and B ,  a n d  t h e  ohmic h e a t i n g  r a t e  f o r  

3 - rl;' (dashed l i n e ) ,  shown t o  i n t e r s e c t  t h e  c o o l i n g  curve a t  p o i n t  

A.  
Fig .  2a. The p a r a l l e l  c u r r e n t  i s  shown a t  t h e  i n i t i a l  t i n e ,  w i t h  a l o x ,  2 . 5  

c m  wavelength p e r t u r b a t i o n  f r o n  4 cm t o  17 cm u s i n g  ZT-40 

and 

t h e  deuter ium d e n s i t y  (1  x 1014cm'3). 

paramete r s ,  

a t  100 us f o r  oxygen i m p u r i t y  c o n c e n t r a t i o n s  of 0%,  2%,  and 4 %  of  

Fig. 2b. The e l e c t r o n  t e n p e r a t u r e  i s  shown a t  t h e  i n i t i a l  t i n e  and a t  100 US* 
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NI'MERICAL MODELING OF PLASMA MOTION 

I N  

RFP EXPERIhIENTS 

by 
T. A. Oliphant 

Los Alamos Scientific Laboratory 
Los Alamos, New Mexico 

A numerical 1 - D ,  cylindrical model for the dynamic and quasi- 

equilibrium motion of plasmas in RFP and other related experiments 
has been developed and discussed in an article to appear soon.' 

It is possible to cast the methodology in a clearer and more gen- 

eral form and this is done in the following. 

The one space dimension is the radial variable r(x,t) expres- 

sed in terms of the Lagrangian space variable x and time t where 

x is related to the initial configuration by 

r(x,o)' - r ( o , o ) '  X "  
2 

Thus, the inverse compression Vfx,t) is given by 

and the transformation to Lagrangian coordinates by 

IT. A .  OZiphant, 9 y d c  and Quasi-Equi Zibriwn Langrangian MHD in 3-Dt '  - J .  Comp. Phjis. t o  be pub2ished. 
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where t h e  v e l o c i t y  u i s  given by 

d r  
d t  

U S -  

The Lagrangian equat ions of  motion i n  t h e  s i n g l e  temperature  
approximation are 

where most of t h e  v a r i a b l e s  a r e  obvious,  but  e 
pe ra tu re  d e r i v a t i v e s  of  s p e c i f i c  energy and p res su re ,  e 
a r e  Joule  hea t ing  and bremsstrahlung l o s s  terms, K i s  t h e  thermal 

conduct iv i ty  and t h e  rl c o e f f i c i e n t s  are  from t h e  r e s i s t i v i t y  t enso r .  
Note t h a t  t h e  magnetic f i e l d  d i f f u s i o n  equat ion ( 8 )  and ( 9 )  are  i n  

flux-conserving form. 

a n d  p are tem- 
T T. . 

and e F br 

The above set of four  PDE's are d i f fe renced  s t ra ight . - forwardly 
i n  t h e  f u l l y  forward, i m p l i c i t  approximation. 
was devised t o  so lve  f o r  t h e  a d i a b a t i c  parts o f . t h e  coupled d i f -  
ference equat ions and then  t o  solve sepa ra t e ly  f o r  t h e  d i f f u s i v e  

e f f e c t s .  
consider  a p a r t i a l l y  ion ized  plasma wi th  d i f f e r e n t  ion and e l ec t ron  
temperature.  is given i n  terms of  t h e  
atom number dens i ty  by 

A s p l i t t i n g  method 

As an example o f  how t h i s  technique can be genera l ized ,  

The f r ee -e l ec t ron  dens i ty  n 
e 

( 5 )  

n = ma e 
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This gives rise to a continuity equation for t with a source term. 

Since there are now two energy equations, there are a total of six 

difference equations which can be abbreviated as follows: 

Fif ( X j )  = 0 

Fir (X,) = 0 

FiTa ( X j )  = 0 

FiTe ( X j )  = 0 

F.Be 1 ( X j )  = 0 

j ’  
where X .  represents the indexed independent variables ( f j+l,i, r J 

Upon applying Newton’s method and differentiating (11) - (16)’ 
this whole set of equations can be expressed as a block-tri- 
diagonal system in the independent variables. 

are 6x6 matrices. 
solving this system of equations. a new version of the R A V E N  code 

has been developed by splitting into three 2x2 block-tri-diagonal 

systems, 

variables to form a simple tri-diagonal system. 

The block elements 

Various splitting techniques can be used for 

The previous paper’ discussed elimination of adiabatic 

Any of these splitting methods can be made fully implicit by 
an outer loop which checks general self-consistency. 

As an example relevant to this RFP conference the ZT-40 implo- 

sion has been calculated with the time-dependent boundary fields 
shown in Fig. 1. 

containing wall is shown in Fig. 2, 

The motion of the plasma boundary relative to the 
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FISURE 1 
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FIGURE 2 - 

MOTION OF OUTER PLASMA R A D I U S  VS T I M E  FOR D I F F E R E N T  R I S E  T I M E S ,  

ANOMALOUS R E S I S T I V I T Y ,  
T H E  S O L I D  CURVES ARE FOR C L A S S I C A L  AND T H E  DOTTED CURVES FOR 
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THE BOUNDARY PROBLEM I N  W P  DIFFUSION - Richard Christian, Purdue University 
In calculations of classical transport in the reverse field pinch it is 

necessary to assume boundnry or interface conditions. This frequently has been 
accomplished by simply assuming limiting values (floors or pedestals) for the 
bounding temperatures, pressures, etc, In many cases of interest the plasma 
behavior in the bulk of the plasma is relatively insensitive to the particular 
values chosen at the plasma edge. On the other hand, it is of primary importance 
if one wishes to program the plasma temporal behavior by means of electric 
fields applied at the plasma edge. It is the purpose of this paper to examine 
possible mathematical expressions of the boundary conditions for self-consistency 
and physical plausibility. 

We shall assume throughout that axial symmetry holds and the classical 
transport prevails. For convenience and to a p o d  approximation for the parameter 
regime of interest, we shall use a one-fluid(i,e. one-temperature) model, neglect 
thermal forces and use the large B field values (Braginskii's) for the transport 
coefficients. 
obtain in a cylindrical geometry. 
lf-D treatment in toroidal geometry. 

scaling and letting x&): 
Pt+(Vp)' * R ' a  0 

b,+(Vb)' = X' 

To start we write the dimensionless and scaled equations that 
These we compare with those obtained for a 

The cylindrical or l-D form of the equations are (using a diffusion time 

gt+(Vg)' = Y '  
Pt + Vp' + ypV' = (y-l)(Z' + Q) 

where m,, FBe/r, '=a/ax; and with B2=bsfxe,Av = r\(, - VL we have 
X=4x/T3/2(7)1! b ' + Avbp ' /2Ba) 
Y=4/T3/2(r\,, (xg) ' + AWgp'/2Ba ) 
Z=K~(~~,/B~T%)T 1 

QpVi, ju + 'Qjra = 4/(9T3I2) [Vu (xgb' - (xg)'b)a + TAX( ~ ' / 2 ) ~ 1  
where 
are finite while P O .  b(x) in general goes thrpugh eero, g(x) does not, and 
p ,  p and T are positive. 
V becomes the mass flow velocity. 
to use the poloidal flux velocity given by U..V - Ylg. 

, 71 and KI are numerical factors of order one. At xoO,b, g, p and p 

Furthermore, with the choice R'=O as indicated above 
It is more useful for the RFP configuration 

The equations then are 

pt+(Up)' - -(p/g.Y)' 
gt+(W' = 0 
bt+(Ub) ' (X-b/g*Y) ' 
Pt+ UP' + ypU' (Y'l)(Z' + Q) - (p/g*Y)' - (Y-l)p (Y/g)' 

We now introduce adiabatic variables p = p/gy, ulb/g, b p / g  and eliminate the 
explicit dependence upon U, by using the convective derivative, d/dt * a/at  + 
Ua/ax, with the result 

dP/dt 

dV/dt (X-VY)'/g 

dg/dt ,= - (5  Y)'/g 

(Y-l)(Z'/g+Q)/gY - W Y ' / g  - ?ip'/g 
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and, 

ura t ion  when extended t o  an iso t ropic  r e s i s t i v i t y .  
f o r  t he  poloidal ,  J I ,  and to ro ida l ,  x, f luxes are 

( m y  1' + (gv)(gv)' f g(xg) '  = 0 f o r  equilibrium. 
Next we give the  Grad-Hogen l % - D  formulation appropriate  f o r  t h e  RFP config- 

The sur face  averaged equations 

Xt+ U x '  = 1 1 )  R ( x ' / A ) '  - ( p ' X ' / ( d ) 2 ) ( r l s ~ 2 / A - A 7 ] ( ( r B ~ / B ) 2 ) )  := X 

Jrt+ us.' = 711 /A(K$') '  -(p'/(t')  ('Ill& +/A-b7((r%/B)'))  :- Y 
where now '=a/bV. The pressure and dens i ty  equations a r e  

Pt+ UP' + pu' ( Y - l ) ( b T ' ) '  + ( V  -1)(T\\ J I \  +7JL2> := ( y-l)(z'+Q) 
Pt+(UP)' = 0 

and f o r  equilibrium A*J~=-I? (dp/d$) - f (df /d$)  
where the  sur face  meraged q u a n t i t i e s  a re  

(I/?) = A , ( ? ) ( l / ? )  - 1 T2 ,  fA = x '  
ue(3qv),  K 5 ( 1 W J a / l a ) ,  (A*$/?) = (Kg')' 

With 
These q u a n t i t i e s  s a t i s f y  

a s  t he  independent va r i ab le ,  we le t  $ '  = a,  pp/cWy, v = a x / a p i  and F= p b .  

dp/dt = ( ~ - 1 ) C i  + Q)/UY y p'i. - ;J! 

dv/dt = ( X  IVY)' 

dS/dt = -(rYy 

@(K @)' + (pwy)' + (V @)(W/A)*= 0 
From the  above we can see  t h a t  the  t o r i d a l  cor rec t ions  a r e  smaller than t h e  

correct ions f o r  an iso t ropic  r e s i s t i v i t y .  For near ly  cy l ind r i ca l  cross-sect ions 
K i s  proport ional  t o  9 (=x), and f o r  emall aspect r a t i o s  A is  near ly  constant.  
Thus one can determine very accurately the  c l a s s i c a l  t ranspor t  using a 1-D formu- 
l a t i o n ,  

t i m e  evolut ion of a plasma from t h e  preceeding equations. 
s t a r t s  with 
g,  o r  b and obtaining the  t h i r d  from pressure balance. 
t i o n  we have found it  convenient t o  spec i fy  the  p t t ch  o r  v and then choosing t h e  
pressure t o  f r a c t i o n a l l y  s a t i s f y  t h e  Suydam c r i t e r i o n  as wel l  a s  pressure balance,  
After  the  i n i t i a l  conditions have been obtained the  system is allowed t o  d i f f u s e  
f o r  a shor t  time a f t e r  which the  equilibrium condi t ion i s  again imposed so t h a t  
t he  system e s s e n t i a l l y  remains i n  equilibrium a t  a l l  times. 
the  boundary requirements a r e  somewhat more spec i f i c .  
motion we f ind  t h a t  t he  flow ve loc i ty  s a t i s f i e s  

There a r e  two somewhat d i f f e r e n t  techniques ava i lab le  f o r  obtaining the  
I n  both cases one 

i n i t i a l  p r o f i l e s  defined by giving two of the  th ree  p ro f i l e s ,p ,  
For the  RFP configura- 

In  the  second method 
From t he  equations of 

X 
(yp+2Ba)V'+JxV(g2)' Z'tQ +2xgY' +2bY' + 2 J b 9 V '  -a/at(p+Ba) IFo: OW 

0 
From the  flow ve loc i ty  we can compute the  poloidal  ve loc i ty ,  U = V-Y/g, and 
then evaluate  the  Jacobian 

and the  new f i e l d s  from t h e  r e l a t ion .  

a s  a funct ion of t i m e  a= xl ( t ) .  
we see tha t  V(x) s a t i s f i e s  the  i n t e g r a l  equation. 

Jt(x,xo) = 1- @U/axo 
g ( x , t )  = g(x=q,t=O)/Jt(x,x,)  

A s  an , exe rc i se  l e t  us imagine the  pos i t ion  of t he  f r e e  i n t e r f a c e  spec i f i ed  
Or more d i r e c t l y  write V(xl) = d a / d t  Then 

(p* :-yp-t2B2) 
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Next we can relate the flow velocity to the electric drift (ie, Poynt- 
ing flux) velocity. This drift velocity in dimensionless units is 

V,W = -b/B2F swat -xg/$ cS; ag/at + 47,,g(o)/~7g(o)1 
0 0 

The desired relation follows directly from the equations of motion and is 

V (x) VE(X) - 2x/(B2Tqa)(Qp') 
We now see that a partial "handle" on controlling the plasma is available, 

by giving 

as a function of time, 
A fully crowbarred configuration corresponds to e (XI) = e,(xl) = 0, 

The remaining conservation or balance equations are those of particle, 

In 
this case the toroidal flux is conserved and the poloi ft a1 flux is depleted and 
appears as a resistive voltage drop on axis. 

s," a p h t  + Vplx=xl = 0, and energy conservation 

d/dtJx (3/2p+B2) + [ZVEB~ + 5/2pV - K,(p2~/(pT"z) T'1 xsx1 

We proceed on the basis that these balance equations must be satisfied 
as a minimal requirement for any numerical procedure that solves the transport. 
We may allow anomalous behavior in the magnitude or scaling dependence of the 
transport coefficients themselves but the balance equations remain inviolate. 
For the cases of our concern the pressure and density will be assumed to vanish 
at a free interface thus conserving particles, or the flow velocity will be 
outward et a fixed wall allowing the loss of particles. 

flux. The experimentalist wishes to know what voltage (E and E or and 
schedule to apply at the gaps in a conducting wall, 
a schedule of plasma interface position that maintains equilibrium and stability. 
These two specifications are separated by a "vacuum" region in which atomic 
physics plays the key role. 
ing and calculating plasma behavior in this region will be forthcoming soon. 
must therefore be our intent to understand the limits of influence from this 
region on the plasma behavior so as to minimize any adverse effects, 

balance. 
scale are acceptable initial profiles. 
parametrization of the initial profiles. 
( l - ~ ) ~  -PIX, with parameters Po, Pi and N. 
in the form p' $. Cug2x/2(v1)" = 0 where 
unity. This allows the heated plasma to remain with Suydam limits. Thus we 
find the equation 

0 

The most important quantity available to the experimenter is the Poynting v The @heoris& has at best 

It does not appear likely that progress in predict- 
It 

In general one considers initial profiles chosen consistant with pressure 
Only those profiles that do not change rapidly on the diffusion time 

We have lately used the following 
First we specify the pitch; v = Po 

We exploit the Suydam criterion 
is a parameter generally less that 

(8 ) '  ( v +  x) + ( 8 )  [ (?I '  + 2 -Q(V')2']  = 0 
for a unique g and hence p and b profiles. 
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Fig. 1. Plasma p r o f i l e  
evolu t ion  with time i n  
u n i t s ,  41709 /ca , These 
p r o f i l e s  inc lude  b r a s  

r( s t rah lung  l o s s  and D-T 
energy gain.  Note the  
almost t o t a l  l ack  of 

t h e  small dep le t ion  of 

w 
I 

\ Qd 

Q 

a.a plasma movement and 

Icld ION tcmporwturr -P t h e  magnetic f i e l d s .  
loo I p - i F o r  t h e s e  p r o f i l e s  t h e  

rad t - -Suydam c r i t e r i a  is s a t -  
i s f i e d  a t  a l l  r a d i i  

-and f o r  a l l  times. 
(There is a l imi t ed  

-range of p r o f i l e s  t h a t  
- exh ib i t  t h i s  "nice" 

behavior.  ) 
0.0 $4 & .Z A Jl L ,I 

rurlluo /133.79 C* 

A problem remaining i s  t h e  t reatment  of t h e  plasma edge. L e t  us  l i s t  
some of t h e  p o s s i b l l i t i e s :  
1. Plasma l eans  on a wall and t h e  system is  crowbarred. 
E = V = P' *'TI = 0' = b '  = (xg)' 

This  system has 
0.  It i s  t h e  easiest t o  program and 

no numerical d i f f i c u l t i e s  occur and has been ex tens ive ly  used t o  s tudy t h e  
evolu t ion  of proposed p r o f i l e s  (see f i g u r e  1). 
i s  t h a t  t o  avoid t h e  overheat ing problem j,, must b e  small i n  t h e  o u t e r  plasma 
regions (where p i s  small). 
( r a t h e r  than  N c l )  i n  t h e  p i t c h  p r o f i l e .  
i n t e r e s t  s i n c e  i t  pu t s  t h e  e n t i r e  burden of plasma con t ro l  i n t o  t h e  se tup  
phase,therefore we cont inue t o  list: 
2. 
i n  genera l  we expect a squeezing of t h e  plasma (ie,  very slow pinch).  Now 
one needs an e x p l i c i t  i n t e r f a c e  model. I f  f o r  example, t h e  product (TLp') 
is zero t h e r e  is no pene t r a t ion  of f l u x  i n t o  t h e  plasma s i n c e  t h e  Poynting 
f l u x  v e l o c i t y  and t h e  flow v e l o c i t y  are t h e  same a t  t h e  plasma edge. 
consider  t h i s  case  i n  5 ,  below while  ( I l ~ p ' )  f i n i t e  is  t r e a t e d  i n  6 and 7. 
3. 
f r a c t i o n  of t h e  plasma c w r e n t  flows i n  a shee t  on t h e  eurface.  
plasma pressure  and " tangent ia l  B" may be  discontinuous.  
w i l l  need t o  f ind  a s e l f c o n s i s t e n t  formulation. 
3.  
plasma edge 'h becomes anawnalousin such a manner t h a t  t h e  product (TAP') re- 
maines f i n i t e .  The aim of t h i s  model would be t o  mock t h e  atomic physica but  
i t  i s  d i f f i c u t l  t o  see how t h e  atomic physics  br ings  about t h e  des i r ed  
l i m i t  t o  t h e  q u a n t i t y  (l"yrp'). 
5 .  
t he  plasma edge we c a l c u l a t e  t h e  index. 
plasma edge xo(t)  t o  a poin t  i n  t h e  plasma by u=(xo-x)/xo. 
t h e  temperature f l o a t s .  

A major r e s u l t  of t h i s  s tudy  

This  requirement is  acheived by s e t t i n g  N 5 2 
This  boundary condi t ion  i s  of l imi t ed  

Plasma leans  on a wall i n i t i a l l y ,  bu t  t h e  Poynting f l u x  is inward so t h a t  

We 

I n  t h i s  model we s t i p u l a t e  t h a t  some f i n i t e  Surface cu r ren t  model. 
Thus, t h e  

To use  t h i s  model we 

The anomalous 7~ model, We s t i p u l a t e  t h a t  although p '  vanishes  a t  t h e  

The cu r ren t  Roes to  zero a t  t h e  eur face  model. From t h e  Taylor form a t  
L e t  us denote  t h e  d i s t a n c e  from t h e  

We cons ider  t h a t  
The minimurlindex f o r  t h e  dens i ty  is  thus  2. We find: 
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0 2 P=pzu2+. , T=Tou +e , P=P~L?+. 0 , b=bo+bz$ . , ( X ~ ) = ( X ~ ) O + ( X ~ ) ~ U  +. . . . 
The reason t h a t  no l i n e a r  terms i n  u appear i n  t h e  express ions  f o r  t h e  f i e l d  
is t h a t  f o r  a f l o a t i n g  temperature (T j2 ) /p  must remain f i n i t e  and hence j i  
and j i l  must be  l i n e a r  i n  u. 
c o n s i s t e n t  as t h e  p r o f i l e s  evolve,  It has ( x p ' )  = zero and has t h e  draw- 
back mentioned above (see model 2) .  
6. The non-vanishing cu r ren t  a t  su r f ace  model A. I n  t h i s  case  we s t i l l  assume 
t h a t  t h e  temperature f l o a t s  bu t  t h a t  t h e  p re s su re  i s  l i n e a r  i n  U. The c u r r e n t  i s  
f i n i t e  and t h e  temperature  a t  t h e  plasma edge w i l l  tend t o  r ise a t  an unbounded 
r a t e .  We must t h e r e f o r e  impose some ad hoc remedy. We could f o r  example, impose 
an anomalous thermal conduc t iv i ty  t o  remove t h e  hea t  o r  a l low t h a t  (due t o  
m i c r o i n s t a b i l i t i e s )  t h e  excess  energy is absorbed i n  t u r b u l e n t  plasma behavior.  
7. The non-vanishing cu r ren t  a t  su r f ace  model B. I n  t h i s  case we assume t h a t  
while  t h e  temperature  i t s e l f  i s  unbounded a t  t h e  plasma edge, more measurable 
q u a n t i t i e s  such a s  t h e  p re s su re  o r  d e n s i t y  

This  model i s  s e l f - c o n s i s t e n t  and remains s e l f -  

n i s h  a t  t h e  plasma edge. We make 
t h e  ansa t z  t h a t  a t  t h e  plasma edge, p = peu "+ e . ,  , T=TeU@+... b=bo + beud,., 
(xg) = (xg)o + (xg)eue+ ..., 
and attempt t o  determine cy, 8,  d and e. To s a t i s f y  p re s su re  balance we r e q u i r e  
t h a t  [(1*+@) = d and e > d7 o r  [(1+ @+@) = e and d > e]. 
d=e. Next we c a l c u l a t e  t h a t  a t  t h e  plasma edge, pvo ul+atF, v=vo, r =  5ou1ta' 

The i n d i c i a 1  equat ions f o r  v a n d r e r e  s a t i s f i e d  i f  w=B/2.  
determining t h e  1.1 equat ion  g ive  

We ssume (l-tcu+g)= 

y' and x' 5: %~@'@/2 
0 

The c a l c u l a t i o n s  f o r  

' b.4 z '= (Y-~)KL&T&B~,  (1+3 /2B)u 

dvo/dt ul'%' = (BFa+(1+3/28)Fb)(1+3/2~)UhB + O(u l+ii p 

: z Fa@( 1+3 /28)u 'zB cc 
Q = (~-1 )4 / (B% Ti/') ( ' I l l )  ( ( ~ g ) o b ~ - ( ~ g ) e b ~ ) ~ + ~ ~ ~ ( p ' / 2 ) ~  ),'!= Fb(l+3/28)2uy'B 

1 
and thus r e q u i r e s  t h a t  (p 
I n  app l i ca t ions  F,/Fb <? f! we choose t o  write 53 = -2 /3  + c and summarize t h e  edge 

+ (1+3/28)Fb) = 0. For f3 we write B =-2/(3+2Fa/Fb) 

and remains f i n i t e  a t  t h e  plasma edge, ailowing t h e  pene t r a t ion  of f l u x - i n t o  t h e  
plasma. 
a s  t o  expand t h e  plasma (V> 0). 

s c a l i n g  near a plasma i n t e r f a c e .  
s c a l i n g  then,  indeed, numerical c a l c u l a t i o n s  show t h e  development of unphysical 
p r o f i l e s .  

simply inadequate? Can we f i n d ,  f o r  example, a model evolving on the d i f f u s i o n  
time s c a l e  which models t h e  gross  f e a t u r e s  of microscopic phenomena evolving 
on a much f a s t e r  t ime sca l e?"  Let u s  f ace  these  problems i n  a workshop ses s ion .  

This  r e s u l t  means t h a t  t h e  ( p ' )  term always c o n t r i b u t e s  i n  such a way 

It appears i n  summation t h a t  we must  modify t h e  c l a s s i c a l  t r a n s p o r t  
If one i n s i s t s  upon using s t r i c t l y  c l a s s i c a l  

A t  t h i s  po in t  we may ask. "What can be done i f  t h e  c l a s s i c a l  model i s  
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I n t r o d u c t i o n  

The o r i g i n a l  theory‘’) of plasma r e l a x a t i o n  was based on simple concepts  

and has proved remarkably success fu l  i n  desc r ib ing  the  genera l  behaviour of 
t o r o i d a l  p inches ,  It  seems appropr i a t e ,  t h e r e f o r e ,  t o  review these  concepts 
as  a background and a guide f o r  more r ecen t  developments. 

Relaxa t ion  Theory 

The mot iva t ion  f o r  the  theory was t h e  obse rva t ion  t h a t ,  when the  pinch 
parameter  9 exceeds some c r i t i c a l  va lue ,  t o r o i d a l  pinches f r equen t ly  r e l a x  

t o  a s t a t e  which does not  depend on i n i t i a l  cond i t ions  and i n  which a 

spontaneously generated r eve r se  f i e l d  appears .  It seemed t o  me t h a t  one could 
l i k e n  t h i s  t o  a f l e x i b l e  conductor i n  a v i scous  medium. 

only d i s s i p a t e  energy the  f l e x i b l e  conductor comas t o  r e s t  when i t s  cnergy is a 

minimuin s u b j e c t  t o  t h e  induc t ive  c o n s t r a i n t  L I  =I cons tan t ,  (This  i s  a s t a t e  
o f  maximum inductance,  s e e  below.) 

Since v i s c o s i t y  can 

Now t h e  plasma resembles an  i n f i n i t e  number of i n t e r l i n k e d  f l e x i b l e  

conductors  and the  problem i s  t o  i d e n t i f y  the  a p p r o p r i a t e  c o n s t r a i n t s .  

plasma i s  p e r f e c t l y  conducting t h e  f l u i d  moves p r e c i s e l y  w i t h  the  magnetic 
f i e l d  and each f i e l d  l i n e  maintains  i t s  i d e n t i t y .  
l i n e s  i n t e r l i n k e d  wi th  any o the r  c losed l i n e  i s  a l s o  main ta ined ,  
p r o p e r t i e s  a r e  expressed mathematically by t h e  s ta tement  t h a t  &.E is a n  

i n v a r i a n t  f o r  each i n f i n i t e s i m a l  c losed f l u x  tube .  However, minimising the  

energy, s u b j e c t  t o  a l l  t hese  c o n s t r a i n t s  c e r t a i n l y  does no t  lead t o  a u n i v e r s a l  
f i n a l  s t a t e .  On the  con t r a ry ,  t h e  f i n a l  s t a t e  depends c r u c i a l l y  on t h e  i n i t i a l  
s t a t e  and t h i s  i s  not  what is observed. 

I f  the  

The number of c losed  f i e l d  
These 

On the  o t h e r  hand, i f  the  r e s i s t i v i t y  i s  non-zero, however sma l l ,  topo- 

l o g i c a l  p r o p e r t i e s  of the f i e l d  a r e  not preserved and l i n e s  of force can 

reconnect .  As + 0 the  reg ion  over which r e s i s t i v i t y  a c t s  and reconnect ion  
occurs  gets  s m a l l e r ,  but the r a t e  of  reconnect ion does not diminish as f a s t  a s  

239 



(and may not  diminish a t  a l l ) .  Consequently,  when a real  plasma is s e t  in 
motion we should expect i t  t o  p re se rve  only those i n v a r i a n t s  which do not  

depend on t h e  i d e n t i t y  of l i n e s  of f o r c e .  

t o r o i d a l  s h e l l  t h e r e  a r e  only two such i n v a r i a n t s ;  t he  t o r o i d a l  f l u x  41 and 

K = J A . B  

two c o n s t r a i n t s  i s  u n i v e r s a l  and descr ibed  by the  pinch parameter 

For  a plasma i n  a conduct ing 

over t h e  t o t a l  volume. The s t a t e  of miniinum energy s u b j e c t  t o  these  
.YN 

e a lone .  - 
The relaxed s t a t e s  c a l c u l a t e d  iri t h i s  way show remarkable agreement w i t h  

( 2 )  obse rva t ion  inc lud ing  ( i )  the  f a c t  t h a t  t h e r e  is a re laxed  s t a t e ,  
independent of i n i t i a l  cond i t ions  and descr ibed by 8 a l o n e ,  (ii) the  main 

f e a t u r e s  of t h e  magnetic f i e l d s  observed i n  t h i s  s t a t e ,  (iii) t h e  appearance 

of a r eve r se  t o r o i d a l  f i e l d  when 8 2 1 . 2 ,  ( i v )  t he  appearance of a h e l i c a l  
deformation when 8 > 1 . 6  ( v )  the onse t  of  current:  l i m i t a t i o n  when e > 1.6  
( t h e  a p p l i c a t i o n  of h ighcr  loop-vol tage does not produce s i g n i f i c a n t l y  more 

c u r r e n t ;  i n s t ead  the  plasma inductance inc reases  - c . f .  t h e  f l e x i b l e  conductor 

model!) ,  

,.4 - 

I n  the f i n a l  a n a l y s i s  t h i s  theory r e q u i r e s  only t h a t  K = I A . B  change 
N N  

more slowly than  does the energy W = B2/2 and the  topo log ica l  c o n s t r a i n t s .  

I have a l r eady  noted t h a t  v i s c o s i t y  reduces W bu t  has no e f f e c t  on K , and 

t h a t  a n  i n f i n i t e s i m a l  r e s i s t i v i t y  permits t h e  topo log ica l  c o n s t r a i n t s  t o  be 

v i o l a t e d  b u t  need produce no s i g n i f i c a n t  e f f e c t  on the  g loba l  K . Even 

r e s i s t i v i t y  a lone  can provide the  requi red  mechanism, f o r  i n  terms of Four i e r  

modes 

s o  t h a t  i n  any process  occurr ing  over s h o r t  l eng ths ,  i.e. 8 t  l a r g e  wave- 

number, r e s i s t i v i t y  w i l l  have a much l a r g e r  e f f e c t  on W than on K , 

Plasma Pressure  

The f a c t  t h a t  t h e  relaxed s t a t e  has ze ro  p re s su re  ( o r  more p r e c i s e l y  zero 
p res su re  g r a d i e n t )  has led t o  some confusion and t o  the  b e l i e f  t h a t  plasma 

p res su re  was neglec ted  i n  the  theory.  This  i s  not  s o .  I n  the  f u l l  theory  

p res su re  i s  included b u t  does not  a l t e r  t h e  r e s u l t ;  t h e  f i n a l  s t a t e  has 
V p  = 0 .  This should be  expected because i f  one envisages t h a t  l i n e s  of 
f o r c e  break and reconnect  then  one m u s t  equa l ly  envisage t h a t  while 
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reconnect ion  i s  tak ing  p l ace  plasma may flow from one f l u x  tube t o  another  and 
so e q u a l i s e  t h e  p re s su re .  Hence ze ro  p re s su re  g rad ien t  i s  not  a n  approximation;  
i t  i s  a consequence of r e l a x a t i o n .  O f  course  one can a rgue  t h a t  plasma flow i s  

slower than  magnet ic  reconnect ion  and s o  one might a r r i v e  a t  s t a t e s  which a r e  
a lmost  f u l l y  re laxed  i n  the  magnetic sense  bu t  only p a r t i a l l y  re laxed  i n  t h e  
p re s su re  sense .  Furthermore w e  know t h a t  s t a r t i n g  from a relaxed s t a t e  i t  i s  
p o s s i b l e  t o  r a i s e  t h e  p re s su re  t o  a f i n i t e ,  sometimes very s i g n i f i c a n t ,  va lue  

be fo re  the  onse t  of i n s t a b i l i t i e s  which t r i g g e r  a new r e l a x a t i o n  ( s e e  tokamaks 
below), 

Gauge Inva r i ance  

Another po in t  of confusion concerns gauge inva r i ance ,  I t  may be 
s u r p r i s i n g  t h a t  the impostant i n v a r i a n t  involves  the  vec to r  p o t e n t i a l  

which i s  not  u sua l ly  a n  observable ,  However, K i t s e l f  i s  gauge i n v a r i a n t .  

For s i n g l e  valued gauge func t ions  i n  a coniplere t o r o i d a l  s h e l l  t h i s  is obvious,  
bu t  i f  one wishes t o  cons ider  s i t u a t i o n s  i n  which t h e r e  a r e  azimuthal  and 

t o r o i d a l  cuts  i n  the  s h e l l ,  a n d  t he  gauge may not be s i n g l e  va lued ,  then  t h e  

a p p r o p r i a t e  form f o r  t he  i n v a r i a n t  K i s  

A, 

K = A . B  d7 - 4 A . d l  Q A . d S  
N N  N N  N N  

where 4 A . d s  and 4 A . d l  a r t  i n t e g r a l s  round c losed  c i r c u i t s  t he  s h o r t  and 
long way around the  bounding t o r o i d a l  s h e l l .  Using t h i s  form one can d i scuss  

t h e  e f f e c t  of vo l t ages  applie'd ac ross  the  azimuthal  and t o r o i d a l  c u t s  t o  
s u s t a i n  the  plasma ( 3 )  

Tokamaks 

I mentioned t h a t  t o  i n i t i a t e  r e l a x a t i o n  i t  seems necessary f o r  t he  plasma 

t o  be f i r s t  s e t  i n t o  f a i r l y  v i o l e n t  motion. This  i s  t o  enable  a very small 
r e s i s t i v i t y  t o  work i t s  e f f e c t  and des t roy  the  pu re ly  topo log ica l  c o n s t r a i n t s .  

Th i s  presumably  exp la ins  why r e l a x a t i o n  i s  a n  almost u n i v e r s a l  phenomena i n  
pinches - where t h e r e  a r e  many p o s s i b l e  modes of i n s t a b i l i t y  and a v i o l e n t  
plasma product ion  phase - but not i n  tokamaks where t h e r e  a r e  fewer modes of 

i n s t a b i l i t y  and experimenters  u sua l ly  manage t o  avoid them. Never the less ,  
t h e r e  - a r e  re laxed  s t a t e s  f o r  t h e  tokamak regime and probably the  so-ca l led  
"d is rupt ion"  i n  tokamaks i s  simply t h e i r  forin of  r e l a x a t i o n .  

expansion of t h e  c u r r e n t  channel ,  t he  near uniform f i n a l  c u r r e n t  and the  

Cer t a in ly  t h e  
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n e g a t i v e  v o l t a g e - s p i k e  a r e  a l l  what one c a l c u l a t e s  f o r  t h e  r e l a x e d  s t a t e  of  a 

tokamak. 

Shaped Cross S e c t i o n s  

An i n t e r e s t i n g  p o i n t  conce rns  t h e  i n f l u e n c e  of  t h e  shape  of  t h e  minor c r o s s  

s e c t i o n  on r e l a x a t i o n .  I n  a c r o s s  s e c t i o n  w i t h  a c u t e  a n g l e d  c o r n e r s ,  e . g .  a n  

e q u i l a t e r a l  t r i a n g l e ,  t h e  p i t c h  of  t h e  l i n e s  of f o r c e  w i l l  t end  t o  i n f i n i t y  

(as a t  a s e p a r a t r i x )  a s  one approaches  t h e  wall and i t  may a p p e a r  t h a t  t h i s  

must i n t e r f e r e  w i t h  r e l a x a t i o n  i n  some way.  However t h i s  i s  n o t  so; t h e r e  a r e  

r e l a x e d  s t a t e s  f o r  such shapes  , The p i t c h  does indeed tend t o  Q as  t h e  

c o r n e r  i s  approached b u t  as  t h e  p inch  pa rame te r  8 i s  i n c r e a s e d  t h e  e f f e c t  o f  

t h e  c o r n e r  i s  r e s t r i c t e d  t o  a n  i n c r e a s i n g l y  narrow.boundary layer u n t i l  a t  t h e  

c r i t i c a l  8 f o r  f i e l d  r e v e r s a l  i t  d i s a p p e a r s .  On f u r t h e r  i n c r e a s i n g  8 t h e  

boundary l a y e r  r e a p p e a r s  w i t h  t h e  p i t c h  now t e n d i n g  t o  -a) I t  is e a s y  t o  

c a l c u l a t e  t h e  c r i t i c a l  v a l u e  f o r  t h i s  r e v e r s a l  t o  occur  ( a n a l a g o u s  t o  8 = 1.2 
f o r  c i r c l e ) ,  b u t  i t  i s  v e r y  d i f f i c u l t  t o  c a l c u l a t e  t h e  second c r i t i c a l  v a l u e  

( ana lagous  t o  8 = 1 . 6 ) .  The i n t e r e s t i n g  p o i n t  abou t  t h e s e  r e l a x e d  s t a t e s  w i t h  

"co rne r s "  i s  t h a t  t h e r e  i s  f r e q u e n t l y  a minimum i n  t h e  p i t c h  a t  some i n t e r -  

med ia t e  d i s t a n c e  between t h e  a x i s  and t h e  w a l l .  I n  c i r c u l a r  systenis t h i s  i s  a 

r e c i p e  f o r  s e r i o u s  i n s t a b i l i t y ,  b u t  i n  t h e  p r e s e n t  c a s e ,  b e i n g  f u l l y  r e l a x e d  

s t a t e s ,  t h e s e  plasmas a re  m.h.d. s t a b l e  d e s p i t e  t h e  p i t c h  minimum. 

(41 

Summarv 

I n  t h i s  t a l k  I have t r i e d  t o  e x p l a i n , i n  i n t u i t i v e  r a t h e r  t h a n  ma themat i ca l  

terms, t h e  concep t s  behind t h e  t h e o r y  of  r e l a x a t i o n .  The p r i n c i p a l  one i s  t h a t  

once a r e a l ,  as  opposed t o  a n  i d e a l ,  plasma i s  s e t  i n  motion,  l i n e s  of f o r c e  

may r e c o n n e c t ,  

i d e a l  t o r o i d a l  plasma o n l y  t h c  two g l o b a l  ones a r e  e f f e c t i v e .  

Consequent ly  from t h e  i n f i n i t y  of  c o n s t r a i n t s  which e x i s t  in an  

A s  f o r  t h e  u s e f u l n e s s  and c o r r e c t n c s s  of: t h e  t h e o r y ,  t h e  s i t u a t i o n  seems 

t o  be t h a t  i t  d e s c r i b e s  remarkably w e l l  t h e  r e l a x e d  s t a t e  which is obse rved  in 

most t o r o i d a l  p i n c h e s  (and o c c a s i o n a l l y  i n  tokamaks!).  What is r e q u i r e d  now 

i s  some way of p r e d i c t i n g  - when r e l a x a t i o n  w i l l  o c c u r ,  o r  r e - o c c u r ;  how r a p i d l y  

i t  w i l l  proceed and what losses  occur  d u r i n g  r e l a x a t i o n .  
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INCOMPLETE RELAXATION AND FINITE BETA PLASMAS 

Leaf Turner* and J. P. C h r i s t i a n s e n  
U n i v e r s i t y  of C a l i f o r n i a ,  UKAEA/Euratom, Culham Laboratory 
Los Alamos S c i e n t i f i c  Labora tory  Abingdon, Oxfordshi re  
Los Alamos, New Mexico, 8 7 5 4 5 ,  USA OX14 3DB, Uni ted Kingdom 

I I n t r o d u c t i o n  
The s e t t i n g - u p  phase of t o r o i d a l  d i s c h a r g e s  is g e n e r a l l y  b e l i e v e d  t o  i n v o l v e  

complex t u r b u l e n t  p r o c e s s e s  which cannot  be d e s c r i b e d  i n  d e t a i l  even by l a r g e  
3-0 MHD codes.  However, t h e  i n t e r e s t  w i t h i n  t h e  CTR community c e n t e r s  on 

d e s c r i b i n g  t h e  g r o s s  f e a t u r e s  of t h e  plasma c o n f i g u r a t i o n  which r e s u l t  from and 

which are s u s t a i n e d  by t u r b u l e n t  processes .  

The t rea tment  of plasma r e l a x a t i o n  presented  i n  t h i s  paper  is a n a t u r a l  
g e n e r a l i z a t i o n  of t h e  ear l ier  t rea tment  of Taylor '  and y i e l d s  p r e d i c t i o n s  of 

f i n i t e  b e t a  plasma confinement. The a n a l y s i s  y i e l d s  p r e d i c t i o n s  f o r  g l o b a l  
r e v e r s e d - f i e l d  pinch (RFP) parameters  such  as 06, F, and 00 In q u a l i t a t i v e  
accordance w i t h  t h e  exper imenta l  evidence t h a t  RFP d i s c h a r g e s  have a c o o l  o u t e r  

r e g i o n  of high r e s i s t i v i t y ,  we p r e s e n t  a plasma model which p e r m i t s  vanish ing  

wa l l  v a l u e s  of p r e s s u r e  and c u r r e n t  d e n s i t y .  

11. The Green's Funct ion 

We c o n s i d e r  t h e  magnet ic  v e c t o r  p o t e n t i a l  i n  t h e  Coulomb gauge f o r  a 

simply-connected (spheromak) o r  a mult iple-connected ( t o r o i d ,  i n f i n i t e  s t r a i g h t  
c y l i n d e r )  domain bounded by a p e r f e c t  conductor. The v e c t o r  p o t e n t i a l  may b e  
decomposed i n t o  two s o l e n o i d a l  p a r t s  2 I: x4 + AJ. The c u r l  of i4 y i e l d s  a 

vacuum magnet ic  f i e l d  b e a r i n g  t h e  c o n s t r a i n e d  magnetic f l u x e s .  AJ arises s o l e l y  
from t h e  presence  of  volume c u r r e n t  d e n s i t y  j w i t h i n  t h e  plasma and s a t i s f i e s  - 0. Note t h a t  k4 = 0 f o r  
simply-connected geometr ies .  Our procedure is t h e  v e c t o r  ana log  of t h e  
procedure  used t o  d e r i v e  t h e  e l e c t r o s t a t i c  scalar  p o t e n t i a l  of a charge 
d i s t r i b u t i o n  i n  a domain bounded by a p e r f e c t  conductor.  Indeed, one may n o t e  

t h a t  t h e  magnetic c o u n t e r p a r t  of t h e  e l e c t r o s t a t i c  energy is E~ = - e * f d 3 r  

a f t e r  s u b t r a c t i n g  o f f  t h e  c o n s t a n t  energy of t h e  flux-determined vacuum magnetic 

f i e l d s .  Note t h e  l a c k  of e x p l i c i t  dependence on t h e  s u r f a c e  c u r r e n t  d e n s i t y .  

+ 
+ A  

n 'b*dy 
= 0, which e n s u r e s  t h a t  B 

b'dy 
; x AJI 

1 
2c 

*One of u s  (L. T.) wishes  t o  thank t h e  members of t h e  Culham Labora tory  f o r  
t h e i r  generous h o s p i t a l i t y  extended t o  both  him and h i s  fami ly  d u r i n g  h i s  r e c e n t  
v i s i t  under t h e  US/Euratom s c i e n t i f i c  coopera t ion  on RFP r e s e a r c h .  
under  t h e  a u s p i c e s  of t h e  U. S. Department of Enerpry. Work performed 
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As i n  t h e  e l e c t r o s t a t i c  case, 
case of  a domain having a s t r a i g h  

a Green's f u n c t i o n  may be def ined .  For t h e  
c y l i n d r i c a l  conduct ing boundary wit.. c i r c u l a r  

c r o s s  s e c t i o n  of r a d i u s  ro c o n t a i n i n g  a magnet ic  f l u x  nroBo 2 and c u r r e n t  d e n s i t y  
-b 
j ($1 

.. 
where [ V 2  G(?,?')] If we d e f i n e  t h e  complete set of 
s o l e n o i d a l  expangion v e c t o r s  f o r  AJ s a t i s f y i n g  t h e  boundary c o n d i t i o n ,  

= - 4 ~ 6 ~ ~  6 ( 3 )  (r' - 3'). 
i j 

d'r or thonormal  on I-- 
2nL 

where Jm'(Ymnr 1 = Jm(vmro) 0, culln 31 ('in+ kfi 2 1/2 9 &fin m (Ymn 2 + k Q )  2 1/2 9 

and where kg = - %rg (L b e i n g  the  l o n g i t u d i n a l  p e r i o d  l e n g t h )  ; then 
L 
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+ + + +  
One shou ld  n o t e  t h a t  a [Vx"a$($)] and 3 a V x [ V x ~ Y ( ~ ) l  where $I and Y s a t i s f y  

A 

s c a l a r  Helmholtz e q u a t i o n s  and d = z .  (For a s p h e r i c a l  boundary, a ' =  8 . ) 2  

111. Hypothesis  of Incomplete  R e l a x a t i o n  

Without l o s s  of g e n e r a l i t y ,  we s h a l l  c o n f i n e  ou r  a t t e n t i o n  t o  t h e  case of 

c y l i n d r i c a l  symmetry. (Ex tens ion  t o  t h e  h e l i c a l l y  symmetric case is 

s t r a i g h t f o r w a r d . )  Equa t ions  ( 1 ) - ( 3 )  y i e l d  AB(r)  = -rBo + 1 an J l ( y o n r )  and 

A,(r) = bn Jo (uonr )  which imply t h e  f o l l o w i n g  complete,  o r t h o g o n a l  

B,(r) = Bo + 1 an yon Jo (yonr ) .  The expansion of t h e  magnet ic  f i e l d  is i n  

terms of e i g e n v e c t o r s  of t h e  r e s i s t i v e  d i f f u s i o n  o p e r a t o r  f o r  t h e  case of a n  

i s o t r o p i c  homogeneous r e s i s t i v i t y  rl. The re fo re ,  one can a s s o c i a t e  w i t h  each 

00 1 
2 n= 1 

n= 1 
r e p r e s e n t a t i o n  of t h e  magnet ic  f i e l d s :  Be(r)  = 7 bn uon J1 (Vonr> and 

n= 1 00 

n= 1 

e i g e n v e c t o r  a d i f f u s i o n  t i m e  scale tn = 4nAn/rlc 2 2  , where & = von -1 o r  yon -1 

Xn a quasi-s teady s t a t e ,  we e n v i s a g e  u n s p e c i f i e d  t u r b u l e n t  p r o c e s s e s  

o c c u r r i n g  on a time s c a l e  T which cu lmina te  i n  a dynamo o r  " a - e f f e ~ t " ~  t h a t  

opposes  A d i r e c t  cascade of 
magne t i c  energy through an " i n e r t i a l "  range of t h e  magnetic energy spectrum, due 

t o  n o n l i n e a r  magnet ic  f i e l d - v e l o c i t y  i n t e r a c t i o n s ,  is the reby  r e s i s t i v e l y  

d i s s i p a t e d  a t  a Kolmogorov-like scale l e n g t h  c ( r l ~ / 4 ~ )  

res is t ive d i f f u s i o n  of s p e c t r a l  modes w i t h  tn >, T. 

1 / 2  4 

The a - e f f e c t  is t hen  c a l c u l a b l e  wi thou t  t h e  customary r e c o u r s e  t o  k inemat i c  

a s sumpt ions  i f  one invokes a h y p o t h e s i s  of incomplete  r e l a x a t i o n  of t h e  plasma: 

t h e  magnet ic  energy EM of  a res i s t ive  p lasma bounded by a p e r f e c t  conductor  

s e l e c t i v e l y  decays  w i t h  r e s p e c t  t o  t h e  magnet ic  h e l i c i t y  K.5 As a r e s u l t ,  t h e  

incomple t e ly  r e l a x e d  s t a t e  (IRS) of t h e  plasma h a s  t h e  minimum compa t ib l e  

w i t h  c o n s t a n t  magnet ic  f l u x  Q and c o n s t a n t  K,  as w e l l  as w i t h  t h e  res i s t ive  

t r u n c a t i o n  of t h e  spectrum. 

This h y p o t h e s i s  i s  implemented by s e t t i n g  

The a d d i t i o n a l  r equ i r emen t s  
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determine the remaining coefficients. 

The resulting IRS has 

1) a non-vanishing Be, calculated from 

l+ -+ where ro - wall radius and V p  is taken to be -j xB, 

an a-effect calculable from the steady-state condition: 

E: - -E(r)*$(r) + nf(r) = 0. 

+ 
+ C 

2 )  j(ro) - 0, and 
3) 

The global RFP parameters Be, F, and 0 describing the IRS are found to be 

consistent with experimental data; e.g., Be is a monotonically increasing 

function of 0 in the relevant domain. See Figs. 1 and 2. 

IV. Discussion 

Associated with partial relaxation is a net confinement of plasma energy; 

i.e., 60 > 0. The associated pressure profile is found to be qualitatively 

sensitive to the choice of Ne and N,. This sensitivity may be attributable to 

any of the following causes: 

1) the presence of localized instabilities that are required to maintain 

the IRS, 

the neglect of pressure and velocity fields in Eq. ( 5 ) ,  

1 the neglect of a turbulent current-f ield interaction, -6fx6#, whose 

ensemble average can contribute to Vp. 

2) 
3) the sharpness of the resistive truncation of Eq. (4), and 

4) + C 

We have considered various physical mechanisms that lead to smoothed pressure 

profiles, including a gradual resistive truncation procedure motivated by a 

suggestion of K. V. Roberts. The dynamics determining the actual resistive 

truncation is unknown as is also the dynamics governing the approach to the IRS. 

Application to helical modes in an RFP is straightforward. The present 

formlation permits ready evalution of the properties of the IRS for a variety 

of We wish to re-emphasize that the theoretical anatomy of an RFP 

differs from that of a aimply-connected spheromak only by the presence of a 

non-vanishing time-independent a4. Extension of our  analysis to cases of 

anisotropic and inhomogeneous resistivity requires some further analysis. 
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Fig .  1. F a s  a f u n c t i o n  of 0 f o r  t h e  c y l i n d r i c a l l y  symmetric 
minimum energy s t a t e .  The cases N=N = N  =1,2,10,20 a r e  
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Fig .  2 .  P o l o i d a l  b c t a  a s  a f u n c t i o n  of  9 f o r  t h e  c y l i n d r i c a l l y  
symmetric m i n h u n  energy s ta te .  
5,lO are  d e p i c t e d .  

The cases N = N  =1,2,4,  e z  

2 4 8  



STATISTICAL MECHANICS OF TURBULENT TOROIDAL DISCHARGES 

G u t h r i e  Miller 

Los Alamos S c i e n t i f i c  Labora tory  

Macroscopic t u r b u l e n c e  is  an  exper imenta l  f a c t  i n  t o r o i d a l  d i s c h a r g e s  w i t h  

9 5 1. Another exper imenta l  f a c t  i s  t h e  tendency f o r  t h e  plasma t o  b e  i n  a 

f o r c e - f r e e  s t a t e  ( j / B  = c o n s t ) .  T h i s  i n c l u d e s  t h e  phenomena of s e l f - r e v e r s a l  

of t h e  t o r o i d a l  f i e l d .  A n a t u r a l  q u e s t i o n  is t o  ask  whether t h e  two phenomena 

a r e  r e l a t e d .  To a t t e m p t  t o  answer t h i s  q u e s t i o n  a theory  of tu rbulence  is 

needed. Such a theory  also provides  a u s e f u l  framework for t h e  exper imenta l  

o b s e r v a t i o n s ,  which, i n  t h e  case  of t u r b u l e n c e ,  c o n s i s t  of q u a n t i t i e s  whose 

time v a r i a t i o n  i s  e r r a t i c .  C l e a r l y  a t h e o r y  encompassing turbulence  must be 

p r o b a b i l i s t i c  and speak of mean v a l u e s  (t ime a v e r a g e s ) ,  mean square d e v i a t i o n s  

and s o  on. 

The s u b j e c t  of t h i s  paper is t h e  s t a t i s t i c a l  mechanical approach t o  

magnetohydrohynamic t u r b u l e n c e  fo l lowing  t h a t  of Montgomery, Turner ,  and 

Vaha1a.l The fundamental  i d e a s  are f i r s t  re-examined, and we t h e n  complete t h e  

c a l c u l a t  i o n s  . 
It is  p o s s i b l e  t o  p l a c e  a a s t a t i s t i c a l  mechanical t h e o r y  on a somewhat 

d i f f e r e n t  f o o t i n g  than i n  Ref. 1. The s i n g l e  e s s e n t i a l ,  as poin ted  o u t  i n  t h e  

landmark work of Lee,’ i s  t o  have a phase space  {xi} i n  *ich i t  is p o s s i b l e  t o  

prove By assuming e r g o d i c  motion i n  phase 

space ,  t h i s  l e a d s  t o  a d i s t r i b u t i o n  f u n c t i o n  p which i s  c o n s t a n t  i n  (phase)  

s p a c e  as w e l l  as t i m e .  Any o t h e r  set of phase  c o o r d i n a t e s ,  {yi}, t h a t  a l l o w  a 

L i o u v i l l e  theorem a l s o  l e a d s  t o  c o n s t a n t  p ,  s o  t h e  Jacobean of t h e  

t r a n s f o r m a t i o n  x + y must b e  c o n s t a n t .  

a L i o u v i l l e  theorem, 1 aki/axi = 0. 
i 
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The f o r e g o i n g  s t a t i s t i c a l  mechanical arguments thus  l e a d  t o  a s o l u t i o n  of 

t h e  problem which can be r e s t a t e d  as fo l lows:  t h e  d i s t r i b u t i o n  f u n c t i o n  p is 

c o n s t a n t  o v e r  t h e  sub-manifold of phase  space  where t h e  system moves 

e r g o d i c a l l y .  This  manifold is reduced i n  d i m e n s i o n a l i t y  from t h e  u n r e s t r i c t e d  

phase  space  because of t h e  constancy of c e r t a i n  a d d i t i v e  i n t e g r a l s  of t h e  

motion, H, K.. We t h e r e f o r e  o b t a i n  

Equat ion (1) as i t  s t a n d s  is n o t  v e r y  u s e f u l  because i t  g i v e s  t h e  d e t a i l e d  

dependence of p on a l l  phase c o o r d i n a t e s .  What is needed is t h e  i n t e g r a l  of 

E q .  (1) over unused phase c o o r d i n a t e s ,  t h e  vast m a j o r i t y ,  showing t h e  

dependence on only a few c o o r d i n a t e s .  G e n e r a l i z i n g  t h e  method g iven  i n  

Khinchin3 t o  more than  one c o n s t a n t  of t h e  motion, t h i s  i n t e g r a t i o n  r e s u l t s ,  t o  

a very  good approximation,  in a Gibbs d i s t r i b u t i o n .  The Gibbs d i s t r i b u t i o n  was 

o b t a i n e d  i n  Ref. 1 a p p a r e n t l y  by f i n d i n g  t h e  maximum ent ropy  d i s t r i b u t i o n ,  

which, a l though a s impler  c a l c u l a t i o n ,  is c o n c e p t u a l l y  more d i f f i c u l t .  

I n  apply ing  t h e s e  g e n e r a l  i d e a s  t o  magnetohydrodynamics, t h e  e q u a t i o n s  of 

motion are taken  t o  b e  those  of incompress ib le  flow. T h i s  assumption is v a l i d  

o n l y  f o r  t h e  p e r i o d s  of less v i o l e n t  t u r b u l e n c e  observed e x p e r i m e n t a l l y  

( s p e c i f i c a l l y  , t h e  "quie t"  p e r i o d s  observed i n  ZT-40). 

The Phase c o o r d i n a t e s  {cs,ns} are d e f i n e d  by expanding B and v w i t h  

respect t o  a complete or thonormal  set of v e c t o r  f u n c t i o n s  A, s a t i s f y i n g  

VxAs = A , ,  where s = {R,m,n,l}, wi th  m,n, and I g i v i n g  t h e  0,z dependence, 

cos(me-nz/R+i), and R a r a d i a l  mode number. The q u a n t i t y  R is t h e  major r a d i u s  

of  t h e  torus-assumed of l a r g e  a s p e c t  ra t io-and  I is a phase  angle ,  e q u a l  t o  0 

o r  ~ 1 2 .  The v e c t o r  p o t e n t i a l  is assumed of t h e  form A 3 Ao2 + 1 S s ~ , .  
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The boundary c o n d i t i o n  on As i s  Ar(a) = 0 when m2 + n2 > 0, where r = a is 

t h e  minor r a d i u s  of t h e  t o r u s .  This  i m p l i e s  Ae (a)/A,(a) = c o n s t  = - .mR/(na) 

and  g i v e s  a d i s c r e t e  spectrum of X v a l u e s ,  For m = n = 0, t h e  choice of a 

boundary c o n d i t i o n  is less clear.  The c h o i c e  Ae(a)/A,(a) c o n s t ,  as made i n  

R e f .  1, i n s u r e s  o r t h o g o n a l i t y .  The v a l u e  of t h i s  c o n s t a n t  can be expressed  a s  

J1(Xoa)/Jo(X,a), where X o  (assumed p o s i t i v e ) ,  is t h e  smallest p o s i t i v e  X i n  t h e  

m = n = 0 spectrum. 

Because of t h e  p r o p e r t y  vxAs = A,, and o r t h o n o r m a l i t y ,  t h e  e q u a t i o n s  of 

motion a r e  e a s i l y  w r i t t e n  i n  terms of 5 ,  and ns, The L i o u v i l l e  theorem i s  

found t o  be s a t i s f i e d - i f  t h e r e  is no v i s c o s c i t y  o r  r e s i s t i v i t y .  We c o n s i d e r  

t h e  motion t o  b e  c o n s t r a i n e d  only  by t h e  constancy of energy and magnetic 

h e l i c i t y .  T h i s  leads t o  t h e  fo l lowing  Gibbs d i s t r i b u t i o n  f o r  t h e  magnetic 

f i e l d  ( a s  ob ta ined  i n  Ref. 1): 

where C R  i s  a known n o r m a l i z a t i o n  c o n s t a n t .  

Equat ion ( 2 )  p r o v i d e s  t h e  s o l u t i o n  t o  t h e  problem. The most i n t e r e s t i n g  

f e a t u r e  of Eq. (2 )  is  t h a t  t h e  Gaussian d i s t r i b u t i o n  f o r  t h e  SROO magnetic 

f i e l d  components i s  s h i f t e d  s o  t h e s e  components have nonzero mean va lue .  

B e f o r e  c a l c u l a t i n g  t h i s  mean v a l u e  i t  i s  e s s e n t i a l  t o  n o t e  t h e  aX: + 2Bhs  must 

b e  p o s i t i v e  f o r  a l l  s. This  c o n d i t i o n  f i r s t  appeared i n  performing t h e  

i n t e g r a t i o n  of Eq. ( l ) ,  b u t  i t  is  a l s o  obvious from t h e  r e s u l t ,  Eq. ( 2 ) .  This  

c o n d i t i o n  i m p l i e s  t h a t  R is of t h e  form 

a B = - 2  Xo(1-E) , 
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w i t h  0 < E < 1. I n  terms of E ,  some i n t e r e s t i n g  mean v a l u e s  c a l c u l a t e d  u s i n g  

Eq. (2 )  are  as fo l lows :  

Thus, f l u c t u a t i o n s  are small (qu ie sence )  i f  a is l a r g e .  b u t  i ndependen t ly  of 

t h e  v a l u e  of a t h e r e  e x i s t s  a mean magnetic f i e l d  B. The l i m i t  E + 0 r e q u i r e s  

a + m, s o  t h i s  c a s e  i s  n e c e s s a r i l y  q u i e s c e n t .  

- 

- 
The e x p r e s s i o n  f o r  B c o n t a i n s  t h e  denominator - A0(1-c) which 

s u g g e s t s  a s o l u t i o n  t o  t h e  Helmholtz equa t ion .  By c a r r y i n g  through t h e  

c a l c u l a t i o n s  w e  f i n d  VxB - X , ( ~ - E ) B  = 0 f o r  r i n  (0 ,a )  s o  t h a t  t h e  mean f i e l d  

i s  f o r c e  f r e e .  There are d i s c o n t i n u i t i e s  a t  r = a which imply & - f u n c t i o n  

c u r r e n t s  a t  t h e  w a l l .  We f i n d  that  on ly  when E i s  small are t h e  w a l l  c u r r e n t s  

n e g l i g i b l e -  For small E ,  E 1 - I / ( X O $ ) ,  where I i s  t h e  t o r o i d a l  c u r r e n t  and 

$ t h e  t o r o i d a l  f l u x .  

- - 

Magnetic f l u c t u a t i o n s  are a l s o  c a l c u l a b l e .  We imagine a n  m,n pickup c o i l  

s e l e c t i n g  a d e f i n i t e  0 , z  dependence and o b t a i n ,  

a t  t h e  w a l l .  There are two noteworthy f e a t u r e s  of t h e  a c t u a l  e x p r e s s i o n s .  

F i r s t  GVa  + 1 (or 1 /2  i f  m = n - 0) f o r  A + 0 ,  where V i s  t h e  volume of t h e  

t o r u s ,  s o  t h e  summation o v e r  R does n o t  converge.  The r e s u l t  i s  t h e r e f o r e  

g i v e n  by = N / ( V a )  where N i s  t h e  number of terms i n  t h e  sum. Thus, n o t  
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unexpectedly,  we cannot  i g n o r e  l a r g e  wavenumber modes. The second impor tan t  

f e a t u r e  i s  t h e  presence  of a denominator law - AO(1-€), which can vanish.  

T h i s  occurs  whenever t h e  axisymmetric c o n f i g u r a t i o n  is u n s t a b l e ,  i n  which case 

Agm of t h e  u n s t a b l e  mode matches X o ( l - c ) .  The f i r s t  such i n s t a b i l i t y  t o  occur 

i s  t h e  w e l l  known h e l i c a l  i n s t a b i l i t y  f o r  m - 1, n - 1.2 R/a and 

Ao(l-a)a = 3.1. The o v e r a l l  conc lus ion  about  magnet ic  f l u c t u a t i o n s  i s  t h a t  f o r  

Ao(l-c)a smaller t h a n  3.1 t h e  spectrum of f l u c t u a t i o n s  as a f u n c t i o n  of m and n 

i s  f l a t .  

F i n a l l y  t h e  main r e s u l t s  and q u a l i f i c a t i o n s  may be summarized as fol lows.  

1 )  A s t a t i s t i c a l  mechanical t h e o r y  of t u r b u l e n c e  has  shown t h a t ,  i n  
thermodynamic e q u i l i b r i u m ,  t h e  mean magnet ic  f i e l d  is  f o r c e  f r e e .  

2)  It  was n e c e s s a r y  t o  n e g l e c t  a l l  d i s s i p a t i o n .  We a r e  watching a c losed  
system over  a s h o r t  enough time p e r i o d  so t h a t  d i s s i p a t i o n  would seem 
unimportant ,  b u t  t h e  q u e s t i o n  of how t o  p r o p e r l y  i n c l u d e  d i s s i p a t i o n  
remains unreso lved .  

3) There are,  i n  c e r t a i n  c a s e s ,  6-funct ion c u r r e n t s  a t  t h e  wall. 

4) The magnet ic  f i e l d  f l u c t u a t i o n s  a r e  independent of m and n except  near  
t h e  t h r e s h o l d  of t h e  h e l i c a l  i n s t a b i l i t y ,  where they  nay be enhanced. 
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SOME NECESSARY CONDITIONS FOR 
A STEADY STATE REVERSED FIELD PiNCH 

C . G .  Gimblett 

Culham Laboratory, Abingdon, Oxon., OX14 3DB, UK 
(EuratodUKAEA Fusion Association) 

Abstract 

Several necessary conditions for steady state reversed field configurations 

sustained by an externally applied toroidal electric field are obtained. 

is confirmed that in a straight: cylinder the magnetic field at the reversal 

point must depart from cylindrical symmetry for sustainment. Conditions 

obtained place restrictions on the applied electric field and OR certain 

quantities associated with the toroidal plasma flow, perhaps indicating the 

presence of toroidal convective rolls i n  the steady state. 

special cases are considered. 

INTRODUCTION 

It 

Various other 

- 
This paper explores some details of t h e  suggestion (Sykes and \Jesson 1977, 

Bunting et.al. 1977) that a reversed field pinch configuration once s e t  up can 

autonomously counterbalance its ohmic diffusive tendencies provided it 

continues to be driven by an externally applied toroidal electric field, Ezo. 

Ostensibly, a sustained pinch does not provide a 'classical' dynamo 

problem - the global l o s s  of the former is met by E,, (Sl,) while the latter 

relies on a non-conservative tluid body force. 

dynamo processes in the pinch by considering those ingredients of the ohiiiic 
loss which are not explicitly influenced by E,, but requite balancing by 

internal inductive effects; ( 5 2 ) .  Section 3 establishes a result 
complimentary to that of Robinson 1974 concerning cylindrically symmetric 

pinches. 

However, we can isolate 

In a l l  sections the  pinch wall is a straight cylindcr and toroidicity 

is simulated by assuming periodicity over a length L along the cylindcr. 
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91, Global energy balance and the applied electric field. 

The equations governing the steady state of the plasma are taken to be 

~.(PI) = V.B = 0 - 
together with an appropriate thermodynamic equation. 

A global energy balance is obtained by taking dV '?AB. of (1) over the I -  
pinch volume V. For illustrative purposes consider an incompressible 

plasma with no current flowing to the wall; if v n = O  at the wall we find 

where Ip  is the toroidal plasma current. Of course, E and Ip must have 

the s'ame sign. 
20 

Taking dV B. - of (1) with Bn = 0 at the wall gives 

where rz is the toroidal magnetic flux. 
Between ( 4 )  and (5) we can fashion the inequality 

2 
Vz = applied volts = EzoL 5 - 2 pn M Til 9 

r z 2  
? 

where [11 

within the pinch. Eq. (6) can be rewritten to express a relationship between 

the 'observed' value of the plasma resistance and it's classical value. 
As a supplement note that using (1) and ( 2 ) ,  the Poynting flux is InLVp.dS, - 

which in particular rules out force-frcc fields as steady s t a t e  contenders. 

is a weighted average of qli , and M ' f s  the total magnetic energy 

wall 
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92. Some necessary conditions for the sustainment of reversed toroidal field. 

A R.F.P. configuration requires in particular an internally generated 

poloidal electromotive force for sustainment. 

incompressible plasma with scalar resistivity, and disengage the appropriate 

component of Ohm's law from eq.(l): 

To show this consider an 

B.VV - v.VBZ - 9 ( 7 )  z -  - 
Now form a 'partial' energy balance by multiplying eq.(7) by BZ, and 
integrating over the volume V+ enclosed by the surface S+ on which BZ = 0. 
Assurninp, S+ is single-valued and docs not  intersect the pinch wall we find 

where - v* = v + Vn. Physically, the diffusive tendencies of the toroidal field 

can be countered by suitable 'stretching' of the field lines by the toroidal 

velocity and by toroidal variation of the resistivity (which promotes a 
preferential current flow). In f a c t ,  i t  follows that  

I 7 l!2 

max 

B2dV 

. v+ 
i- 

provides a necessary condition for sustainment. 

Independent information concerning the generation term of eq. ( 8 )  results 

by invoking eq. ( 2 ) .  After some manipulation we find 

One might expect the inclusion of  compressibility and paramagnetism t o  
decrease the non-symmetric activity required. 

t 
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where r (0,z) is t h e  d e f i n i n g  r a d i u s  of  S+. 

' p o l o i d a l '  ohmic loss can come from t o r o i d a l  v a r i a t i o n s  of v z *  and S+. 
Cer ta in ly ,  sustainment f a i l s  i f  a/az f 0 .  

W e  see t h a t  c o n t r i b u t i o n s  t o  t h e  
S 

53. The su r face  averaged Ohm's law aiid reversed  t o r o i d a l  f i e l d .  

The resu l t  we s h a l l  de r ive  i n  t h i s  s e c t i o n  i s  a l l i e d  wi th  t h a t  of 

Robinson 1974.  
(1) t o  an average,  < >, over embedded concent r ic  c y l i n d e r s ,  

If - B were c y l i n d r i c a l l y  synmetric,  - -  B = U(r) and 

The s t a r t i n g  po in t  i s  t o  sub jec t  the  po lo ida l  component of 

B' 
Now consider  (11) as BZ + 0. The L.H.S. + 0 while  the  R . H . S .  -) U o < t l l l > . i ~ .  

However, the l a t t e r  i s  - <qlI> dB /d r  and mus t  tend t o  zero t o  a lower order  than  

BZ does. 

f i e l d  l i n e s  is i n e f f e c t i v e  a t  t h i s  po in t .  

explo i ted  i n  Cowling's 1933 theorem). 

Z 
These s ta tements  a r e  incompatible - the  induct ive  e f f e c t  of flow ac.ross 

(The same phenomenon t h a t  was 

DISCUSSION. 

We have seen t h a t  t he re  i s  a subse t  of pinch con i g u r a t i o n s t h a t  cannot 

poss ib ly  be t i m e  independent.  

perhaps i n  the form of t o r o i d a l  convect ive ro l l s ,  appear t o  be necessary f o r  
sus ta ined  r e v e r s a l .  

I n  p a r t i c u l a r  non-symmetric induct ive  processes ,  

A pr6c i s  of the  main r e s u l t s  i s  given i n  the t a b l e  below. 

2 5 7  



t STEADY DISCHARGE CAh'NOT EXIST IF: 

-~ ~ 

ASS JMPTIONS 

(Tl), VAB.dS = 0 - -  

(Tl), (T2), adiabatic source-free 

flow, B.dS = v.dS = VAB.dS = 0 -- -- -c 

(Tl), (TZ), v.dS = B.dS = 0 -- -- 

(Tl) with s c a l a r  11, V.v - = 0 

__ 

(Tl) with scalar 0 ,  V.v = 0, (T2) 

sign ( E Z O )  i sign (Ip) 

2 

0 
E ~ ~ L  > 21.r M &I? r i 2  

(see 51 for details) 

nlvp.% = o (see SI) 

wall 

STEADY R.F.P.tt CANNOT EXIST IF: 

- -  B = B (r) (see 53) 

Insufficient j - J z * l  in v+ (see 5 2 )  

No toroidal vari.ation (see 5 2 )  

V.B = 0 - with: E 2 + QO + v A B  = q,VhB 
20- - -  - '  

(VAB)AB = p,Vp - -  

f' Other than VAB f 0. - -  
f't The toroidal magnetic field at the wall is everywhere reversed. 
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WHY SHOULD ENERGY DECAY WHILE MAGNETIC HELICITY IS  CONSERVED?: 
THE ESSENTIALS OF TURBULENT SPECTRAL TRANSFET? 

by W .  H .  Matthaeus & D. C .  Montgomery 

This meeting conta ins  numerous con t r ibu t ions  which extend,  modify, o r  

t e s t  the  consequences of t h e  Taylor”’ hypothesis  t h a t  t h e  energy of a t o -  

r o i d a l  Z pinch might decay while  t h e  magnetic he l i c i ty , . f&  ’ J? d 3  x ,  might 

be approximately conserved. There has been r e l a t i v e l y  l i t t l e  d i scuss ion ,  

however, of t h e  dynamical foundat ions of such a decay process:  as t o  why 

it might occur ,  and under what c i rcumstances;  as t o  exac t ly  what i s  meant 

by “energy”; and so  on. Here, it i s  our hope t o  open some of t h e s e  ques- 

t i o n s  a t  an elementary l e v e l ,  w i t h  an eye t o  a s ses s ing  t h e  accuracy of such 

conjec tures ,  and t h e i r  poss ib l e  u t i l i t y .  The d iscuss ion  i s  given a more 

extended p resen ta t ion  elsewhere3 , ” . 
We have been unable t o  s e e  a compelling argument f o r  t h e  ex i s t ence  of 

t h e  process  i n  any o the r  terms than  those  of t h e  theory  of s p e c t r a l  t r a n s -  
fer  i n  incompressible magnetohydrodynamic (MHD) tu rbulence .  The incom- 
p r e s s i b i l i t y  i s  important because t h e  energy i n t e g r a l s  f o r  compressible and 

incompressible MHD d i f f e r  by an important term: t h e  compressible case con- 
t a i n s  a thermal p re s su re  term i n  t h e  energy i n t e g r a l  which i s  absent i n  t h e  

incompressible  case .  To our knowledge, no one has given any argument as t o  

why t h i s  thermal pressure  term oucht t o  decay t o  a minimum. If it d i d ,  

such a minimum would be  an ice-cold plasma wi th  no p res su re  a t  a l l :  

e s t i n g  n e i t h e r  from a t h e o r e t i c a l  nor experimental  s tandpoin t ,  and funda- 
mental ly  d i f f e r e n t  from a f i n i t e - p r e s s u r e  wall-supported plasma wi th  zero 

pressure  g r a d i e n t .  
Arguments f o r  t h e  use  of  incompressible MHD equat ions as a sa t i s fac-  

i n t e r -  

t o r y  d e s c r i p t i o n  of  t h e  dynamics seem t o  be j u s t i f i e d  by about t h e  same ar- 

guments used t o  j u s t i f y  t h e  incompressible  approximation f o r  ord inary  f l u i d  
mechanics6: f low speeds small compared t o  t h e  sound speed and slowly vary- 

ing  boundary condi t ions .  I n  a d d i t i o n ,  one new assumption seems t o  be re- 

qui red :  

f l u i d  element, compared t o  t h e  sound speed. 
t h a t  t h e  change i n  t h e  Alfv6n speed s h a l l  be small, f o r  a given 

For tuna te ly ,  incompressible  MHD turbulence  theory  i n  t h r e e  dimen- 

s i o n ~ ~ , ’  does provide t h e  basis f o r  a s e l e c t i v e  decay hypothesis  i n  which 
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energy (magnetic p lus  k i n e t i c  energy of f l u i d  motion) Zecays much more ra- 
p id ly  than  magnetic h e l i c i t y  i n  a d i s s i p a t i v e  i n i t i a l - v a l u e  s i t u a t i o n .  The 

s e l e c t i v e  decay hypothesis  can be  formulated i n  ways t h a t  have common fea- 
t u r e s  f o r  t h o s e  d i v e r s e  s i t u a t i o n s  f o r  which dua l  cascades and inve r se  cas- 

cades are r e l evan t  processes .  I n  a forced ,  d i s s i p a t i v e  s i t u a t i o n ,  3D MHD, 
2D MHD, and 2D Navier-Stokes flow share  t h e  common proper ty  t h a t  some sup- 

p l i e d  g loba l  quan t i ty  may be c a r r i e d  t o  s h o r t  wavelengths and d i s s i p a t e d  at  

t h e  same t i m e  t h a t  some " inverse ly  cascaded" quan t i ty  i s  being t r a n s f e r r e d  

t o  long wavelengths and accumulated t h e r e .  I f  t h e  system i s  not  forced ,  

t h e  decay process  i s  less c l e a r  c u t ,  bu t  it i s  s t i l l  undoubtedly t r u e  t h a t  

t h e  quan t i ty  t r anspor t ed  t o  s h o r t  wavelengths i n  t h e  forced s i t u a t i o n s  ( t h e  

" d i r e c t l y  cascaded" quarrt i t y )  i s  t r anspor t ed  s e l e c t i v e l y  t o  t h e  small spa- 

t i a l  s c a l e s  arid more r e a d i l y  d i s s i p a t e d .  T h e  d i r c v t  l y  cascaded quan t i ty  

may be expected t o  decay s e l e c t i v e l y ,  t'or the var ious  s i t u a t i o n s ,  as suiii- 

marized i n  t h e  followink; t a b l e .  

S i t  ua t  i o n  Di rec t ly  Cascaded Inve r se ly  Cascaded 
Quan t it y Quant it y 

3D Navier-Stokes None None 

2D Navier-Stokes Ens t rophy Energy 
1 3 , 1 4 , 1 5 2 ~  MHD Energy and Mean-Square 

Y , 1 0 , 1 1 , 1 2  

Cross H e l i c i t y ( ? )  Magnet i c 

Vector P o t e n t i a l  

7 ' *y33D MHD Energy and Magnetic 
fie1 i c i  t y  Cross H e l i c i t y (  ? ) 

Each decay process  i n  i t s  extreme form implies  R v a r i a t i o n a l  p r i n c i p l e ,  

w i t h  t h e  direct ly-cascaded quan t i ty  be inc  minimized, while t h e  inve r se ly  

cascaded one i s  approximately conserved. 

The arguments f o r  t h e  s e l e c t i v e  decay of t h e  d i r e c t l y  cascaded quan- 

t i t y  a r e  t h e  same q u a l i t a t i v e l y ,  as those  given f o r  t h e  forced d i s s i p a t i v e  

case.  The f irst  s t e p  i n  e s t a b l i s h i n g  them i s  t h e  establ ishment  of  t h e  ex- 
i s t e n c e  o f  non-diss ipat ive g loba l  i n v a r i a n t s  such as t h e  energy 

(p, = dens i ty  = c o n s t . )  o r  the  magnetic h e l i c i t y  

H 3 j A * B d 3 x  
- " z  

m V  
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(where 5 = v x 4 ) .  
Q or E i s  proved from t h e  dynamical equat ions f o r  MHII under c e r t a i n  bound- 

ary condi t ions .  
( 2 )  are: pe r iod ic  boundary condi t ions ,  and y 3 = 0 = B ..d f i ,  where fi i s  

t h e  unit normal t o  t h e  su r face  bounding t h e  volume V .  

condi t ions  are des i r ed  (such as boundary condi t ions  on t h e  c u r r e n t ,  f o r  ex- 
ample),  t h e  f irst  s t e p  i s  t o  see what g loba l  non-diss ipat ive i n v a r i a n t s  
t hey  imply; E and H cannot au tomat ica l ly  be  assumed. 

The ex i s t ence  of  such zero-d iss ipa t ion  i n v a r i a n t s  as 

Two sets of boundary condi t ions  which guarantee (1) and 

If o t h e r  boundary 

m 
Decisive a n a l y t i c  evidence f o r  t h e  v a l i d i t y  of t h e  “ s e l e c t i v e  decay” 

conjec tures  i s  lacking .  Di rec t  s imula t ions  of t h e  two dimensional Navier- 

Stokes and MHD equat ions a t  moderate Reynolds numbers allows several tes ts  

t o  be done. 

mean square vec tor  p o t e n t i a l ,  J = mean square c u r r e n t ,  R = mecm square vor- 
t i c i t y , )  

(Here t h e  vocabulary of 2D - MHD i s  used; E = energy and A = 

Some of t h e s e  t e s t s  are: 

1) The b a s i c  conjec ture  i s  E/A + minimum v i a  a nonl inear  decay pro- 

c e s s  which c r i t i c a l l y  depends on t h e  conservat ion of both E and A when 

there  i s  exac t ly  zero d i s s i p a t i o n .  2 )  

Reynolds numbers r e q u i r e s  t h a t  R and J be nonl inear ly  amplif ied by s p e c t r a l  
transfer t o  l a r g e  wavenembers. 

(Q + J)/E i nc reases  i n  time o r ,  a t  l eas t  it must decrease slower than  E/A. 

3) 
E2 /A (n + J ) Z  f should decrease  and remain small f o r  a s u b s t a n t i a l  per iod 
of t i m e .  The extrema1 s ta te  f o r  2D MHD flows i n  per iodic  geometry i s  

t h a t  for which a-11 t h e  magnetic energy i s  locked i n t o  t h e  longes t  wave- 
l eng th .  
t h i s  state v i a  t h e  s e l e c t i v e  decay process ,  b u t  t o  reach it s t r i c t l y  only 
i n  t h e  i n f i n i t e  t i m e  l i n e a r  decay regime. Appropriate d i agnos t i c s  for t h i s  

purpose are contour  p l o t s  of  vec to r  p o t e n t i a l  (which are magnetic f i e l d  
l i n e s  i n  2 D ) .  

The enhanced decay of E a t  l a r g e  

Thus ( fo r  init magnetic P r a n d t l  number) 

d The ins tan taneous  r a t l o  of decay rates (” I n  A ) / ( z  I n  E )  = a t  

4 )  

For f i n i t e  Reynolds numners, w e  expect t h e  f l u i d  t o  move toward 

Here w e  b r i e f l y  present  some r e s u l t s  of t h e s e  numerical t es t s .  The 

s imula t ion  r epor t ed  i s  2D MHD; computational de ta i l s  are r epor t ed  i n  Ref 4 
and 5 .  The f i e lds ,  represented  by t h e i r F o u r i e r  c o e f f i c i e n t s ,  are i n i t i a l l y  
non zero only f o r  g(k 5 2 5 .  

k i n e t i c  energy, and each are equ ipa r t i t i oned  i n  t h e i r  r e s p e c t i v e  Four ie r  
modes. Both t h e  magnetic and k i n e t i c  Reynolds numbers a r e  200. 

2 
The magnetic energy i s  i n i t i a l l y  twice  t h e  

Figures  1 
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and 2 show i n i t i a l  and t = 9.8 (units of Alfvgn t r a n s i t  time) magnetic 

f i e l d  l i n e s .  The mean i s l a n d  s i z e  has grown bu t  i s  not  y e t  maximal. Fig- 

ure  3 shows t h e  r a t i o s  (J + Q)/E and magnetic energy t o  A as func t ions  of 
t i m e .  The behavior of t h e s e  r a t i o s  i n d i c a t e s  t h a t  s p e c t r a l  t r a n s f e r  i s  
occuring i n  both  d i r e c t i o n s  i n  wavenumber space. 

t h i s  observa t ion  i s  cons i s t en t  wi th  t h e  conjec tures .  F i n a l l y ,  Figure 4 
shows t h e  t i m e  h i s t o r y  of f (see 3) above).  
small for at least  9 Alfvgn t r a n s i t  times, t h e  energy decays much more than  

t h e  vec to r  p o t e n t i a l  does. 

A s  discussed above i n  2),  

Since  f decreases  and remains 

Other runs w e  have done d i s p l a y  similar behavior.  More complete re- 
s u l t s  of t h i s  t ype  as w e l l  as r e l a t e d  non-linear s t a b i l i t y  p r o p e r t i e s  w i l l  

be  repor ted  elsewhere5. 
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Fig.1: Magnetic f i e l d  l i n e s  
a t  t = O . O  

Fip;.3-: Time h i s t o r y  of ( J + n ) / E  
and Ga@;/A. Both q u a n t i t i e s  have 
dimension of wavenumber squared. 
The former i s  t h e  r a t i o  of t h e  
d i s s i p a t i o n  r a t e  of E t o  t h a t  
of A .  The l a t t e r  i s  t h e  average 
wavenumber ( squared)  of t h e  
magnetic e x c i t a t i o n .  

Fig.4: Time  h i s t o r y  of f .  This  
i s  t h e  r a t i o  of instantaneous 
decay rates of E and A. 

F ig .  2-: Magnetic f i e l d  l i n e s  
a t  t=9 .0  
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Models of the Field Reversal in Zeta 

M, G. Rusbridge 

Physics Dept., U.M.I.S.T., Sackville St., 

Manchester M60 lQD, U.K. 

Zeta in the light of experimental knowledge, particularly of the character 
of the turbulence and larger scale fluctuations. 
in Zeta are: 

I wish to discuss the possible origin of the reversed field (RF) in 

The relevant observations 

reversed axial field for 8 1.35 

the compression of the current channel is relatively sdll, 

the field configuration is not very close to the Bessel Function 
model (BFM): 
while in the BFM j , ,  /B is constant; 
large-scale m = 1 kinks occur but with low amplitude: 
channel displacement 6 satisfies 6/a 0.1 where a is the tube 
radius, and 6/a increases roughly linearly with 8 with no critical 
value for onset; 

fine-scale turbulence occurs, of quasi-two-dimensional character, 
aligned along the local field and with scale lengths A l  CI, Scmy 
A , ,  

Of these, (4) rules out the possibility that RF is generated by large 

in particular, j,, /B tends towards zero at the wall 

current 

$ lOOcm (Robinson & Rusbridge 1971). 

scale helical kinks as in HBTX-1 (Verhage -- et a1 1978), and (3) does not 
permit a simple reliance on the Taylox relaxation theory (Taylor 1974). 
There are two other theories I shall consider: the 'tangled discharge' 
(Rusbridge 1977) and the 'dynamo model' (Gimblett a Watkins 1975). 

In the tangled discharge model it is assumed that the magnetic surfaces 
are broken by random resistive reconnection of lines of force which become 
stochastic and eventually fill the entire discharge ergodically. 
at a point is then determined not by the local electric field but by the 
average electric field seen over the whole path of a line of force, and the 
average current is found by averaging over all such paths. 
form the model is an exact realisation of Taylor's theory and leads to the 
BFM; it is modified by allowing random transverse current exchanges between 
neighbotouring field lines, as a result of which the influence of distant 
parts of the field lines is attenuated and the configurations are incompletely 
relaxed. 
current exchanges constitute ' 8  tirrTng' iorces which represent the direct 
energy input into turbulence found necessary on energetic grounds by 
Rusbridge (1969). Explicit configurations can be calculated by an jterative 
technique. 

The current 

In this extreme 

It is proposed that the J A B forces associated with the random 
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The following comments may be made on this theory: 
in its present form it i s  set up in terms o f  tubes of force rather (1) 

than lines, and appears to require that a given tube retain its identity 
through a large number (10-100) of transitions from one magnetic surface 
to another, which seems implausible. 

(2) 
those observed; 

(3) nevertheless, it has been shown (Rusbridge, 1980) that the model can 
account, almost quantitatively, for all the features of the density 
fluctuations observed in Zeta which have so far resisted explanation, 
and this isstrongevidence that the basic premise of the theory, that 
the magnetic surfaces are broken, is correct. 

the configurations produced are significantly more compressed than 

The 'dynamo theory' (Gimblett i Watkins 1975) assumes that the 
turbulence has properties such that there is a component of the covarience 
< 3 A > of velocity and magnetic field fluctuations parallel to the mean 
field B which can therefore drive a parallel current. We therefore write: 

where 

vanishes by symmetry unless the turbulence possesses a net helicity (here 
the z- diriction is parallel to the local field). Assuming this, we can 
write the order of magnitude of a os 

< where y measures the correlation and satisfies 1 ~ 1 %  1 and T is 
the auto-correlation time. 
so 

In Zeta, it is approximately true that $ L ~  'L ALI 
'L 
vr B A A ~  ~ L A A  

A t  ' A' I 
aB % 

where is the observed fluctuating electric field. Thus 

If this equation ia to produce significant reversal, the second term must be 
at l e a s t  comparable to the first. 
80 this condi ion can be satisfied for y as small as % 0.1. However we a180 
observe that scales a8 12/p where I is gas current and p the ma88 

In Zeta, E t ?  % 0.1 vlcm, lW/cm 
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density, so at high filling pressures we would expect the reversed 
field generation to be less effective. There is some evidence that 
configurations at high pressure are more compressed than those at low 
pressure (Lees L Rusbridge 1960); and since one role of the FR process is to 
enhance the toroidal flux in the discharge core and thus lower the compression, 
the observations do suggest a less effective FR process at high filling 
pressures. 

Finally, to determine actual configurations we need a plausible value 
of y. 
the turbulence to have a net helicity. 
sense of the helicity can be defined by the magnetic shear. 
shear length L, is of the same order as the correlation length A I , .  
therefore propose that y should be related to the configuration by 

In a uniform field, y = o by symmetry since there is no reason for 
In an actual configuration, the 

We 
Further, the 

Y = Yo h / L s  

Substituting (2)  in (l), assuming a uniform toroidal applied electric field 
and assuming the discharge to be force-free, we arrive at the equation for 
toroidal field: 

1 - 2wB8 1 
8% BZBO ( -a- 3- - = -  
dx 

x = r/rO is normalised radius 

r 0 - BZo/4 aEo 

B = field at r = o 
20 

PI, 

Eo = applied electric field 

If dB,/dx aB, everywhere there will be no reversal, B, only tending 
asymptotically to zero in the limit x--, 00 (as in the force-free paramagnetic 
model). 
a radius xo such that W = B(xo)/BZo. 

Thus the only possibility for a reversal is that B, may vanish at 
If W is taken to be uniform thus 
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I 
I 

In either case, however, a further condition on W must be met, arising as 
k follows, 

where k is a function of ~ 0 ,  8 and dW/dx. 
will be either zero or infinity at the reversal point, both contrary t o  
observation. The condition for k = 1 is 

The solution for P 'near x = xo is of the form B, a(x - xo) 
Unless k = 1, the current density 

\ I 

Q' - 3w/x0 - 1 
so that, for example, for constant W we would require W - x0/3. 
likely to be at most one value of W satisfying both this condition and 
W - B(x )/B 20, whereas in fact W varies strongly with the discharge conditions. 

A closer examination shows that this pathological behaviour arises because 
at the reversal point l/L 
drive itself. 
radial extent of the motions driving the a-term and average this term over 
a radial correlation length (C.G. Gimblett, private communication); however, 
preliminary attempts along these lines do not seem to yield any significant 
change. 

There is 

0 

a j,: thus, in effect, eg. (1) requires j, to 
It would,sprobably, be more plausible to take note of the 

I conclude that we do not yet have a satisfactory description of the FR 
process in Zeta, and in particular none which explain the low values of the 
observed compression. 
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Energy Principle with Global Invariants 

A. Bhattacharjee, R. L. Dewar, and D. A. Monticello 

Princeton Plasma Physics Laboratory, 
Princeton, New Jersey 08544 

The formulation of a variational principle for a complete class of static 

equilibria of toroidal plasmas is due to Kruskal and Kulsrud.' 

ized equilibria for ideal plasmas by a nondenumerable set of topological in- 

variants derivable from the ideal hydromagnetic equations of motion. 

tory plasma, however, is inevitably subject to nonideal effects such as those 

associated with resistivity o r  microturbulence. Taylor2 has conjectured that 

the global invariant K = Jvo dr A * S / 2 ,  first introduced in the astrophysical 
literature by Woltjer f o r  a perfectly conducting plasma, remains nn invariant 
even in the presence of a small but finite amount of dissipation. By minimiz- 

ing the energy W = Jv0 dr B / 2  subject to the invariant K, Taylor has argued 

that a toroidal discharge, initially violently unstable, may relax into a force- 

free equilibrium state given by 5 = AB, where A is a constant. Taylor has 

provided no detailed jbstification for K-conservation, but his theory has at- 

tracted much attention because it agrees satisfactorily with experimental ob- 

servations on field-reversal from Zeta. Unfortunately, for tokamak discharges, 

where the toroidal field is approximately constant across the plasma, Taylor's 

theory predicts flat current profiles, which are usually not observed experi- 

mentally. Even in reversed field pinches, the toroidal current is observed to 

be small near the wall which in general violates j = Ab. We interpret these 

observations to imply that the replacement of Kruskal and Kulsrud's infinity 

of constraints by a single one was too drastic a step; that a reasonably well- 

confined plasma preserves at least a few more approximate invariants over the 

time scale on which the growth and nonlinear development of tearing instabili- 

ties takes place. This time scale is of course short compared with the time 

scale of plasma transport, which is what determines the gross features of the 

current and pressure profiles. Thus we seek a variational principle which 

selects a special subset of the complete class of equilibria of Kruskal and 
Kulsrud, including those which can be sustained even on the transport time 

scale. 

They character- 

A labora- 

+ +  
3 

2 

4 

4 -t 

The shorter the time scale considered, the better preserved are any approxi- 

mate invariants of motion. We are thus led naturally to consider the growth and 

decay of the fastest growing tearing modes to be the mechanism responsible for 
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the breaking of the ideal constraints. 
5 tokamak stability, we know this mode to be the m = 1, n = 1 

Indeed, there is experimental evidence6 that particularly favorable for con- 

finement in tokamaks are discharges in the "internal sawtooth" regime in which 

the plasma exhibits soft m = 1, n = 1 activity uncoupled to weak higher har- 

monics (as opposed t o  conditions under which strong coupling to 

modes leads to a major disruption with global flattening of the current pro- 

file, in accordance with Taylor's theory). 

pin~hes,~ m = 1 helices are observed prior to field reversal. 

n-number of the dominant mode should be such that the resonant surface 

qs = m/n 
F - 8 
the choice of dominant mode. tie shall, therefore, confine ourselves to the 

m = 1, n = I. mode, given its importance for tokamaks. 

From linear and nonlinear theory of 

tearing mode, 

m 2 2, n = 1 

Even during fast experiments in 

For pinches the 

falls within the plasma during relaxation. However, predictions for 

and other qualitative features in this theory are not very sensitive to 

In the following, we first assume the existence of a tearing mode of single 

helicity which grows from an axisymmetric state, saturates, and decays back to a 

new axisymmetric state. 

mode, it is instructive to allow a mode of arbitrary helicity. 

ideal model,' we then show that there is an infinite set of constants of the 

motion for each assumed helicity.8 The special role of the invariant 

finned by the observation that it is the sole occupant of the intersection of 

these sets. 

Although we are mainly considering the m = 1, n = 1 

Within the quasi- 

K is con- 

The infinite set may be represented by the functional 

0 

where w(x> is an arbitrary function of x,  the helical flux preserved by the 
mode of pitch qs. 

and Kulsrud.' 

vessel with perfectly conducting walls. The plasma is turbulent with tearing 

modes of different m and n. The existence of fine-scale tearing destroys all 

invariants to some extent, except K = jvo d; A * 3 / 2 .  On a short time scale, 

however, the m = 1, n = 1 mode may be assumed to be least affected by other 

modes, and the "first moment" with respect to x(:JI-$), K1 = lvo d; ,A .?f /2  
the best conserved of all invariants other than 4 and K. Since the two 

We suggest now the following variant of the thought experiment of Kruskal 

We imagine a slightly nonideal plasma contained in a toroidal 

P 
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latter invariants are respectively linear and quadratic in the fluxes, the choice 

of the functional K cubic in the fluxes, as the next best invariant seems emi- 

nently reasonable. 

variants K = lv0 dz 'jt 3 / 2  and K1 = 
6W - A6K - X 6K = 0 where A and X1 are Lagrange multipliers. We obtain the 

Euler-Lagrange equation j = A t 1  + ($-@)/@ IB, where we have chosen 3A1/2 = 
P 

in order that the toroidal (and poloidal) current density vanish at the wall. 

This is an experimental boundary condition violated by Taylor's theory. 

1' 

2 We seek, therefore, minima of W = d; B /2  subject to the global in- lvo + 
'VO 

dr 8 / 2 .  We must have 

-+ -k 1 1  

4 

For a straight cylinder we use cylindrical polar coordinates (r,B,z) and as- 

sume that equilibrium quantities depend only on 

3 E 78/24p, 

$(1) = 0, q(0) = 0, and T(1) = 1/2. 
been solved numerically by a shooting procedure. The numerical results are quali- 

tatively similar for aspect ratios from 10 to 1, and we have reported the results 

for R/a = 5 .  For any given AE(-Q),+) there are two distinct branches, which we 
have broadly classified as "pinchlike" (P) and "tokamaklike" (T) . The predictions 

of our theory agree remarkably well with recent experimental measurements of the 
F - 8 trajectory [F = BZ(l), 8 = ze(l)] during self-reversal in ZT-40' and ETA- 
BETA 11. 

r(Br = 0). We have defined 

f J1/2Tp, and 5 E 4/2$p. The boundary conditions are (a E l)ze(0) = 0, - 
This two-point boundary-value problem has 

- 

2 

solutions. The point zero, which corresponds to 

which four solutions emerge. For a given value of K/(2'@ ) (volt-seconds/ 

toroidal flux), the plasma should prefer the lower energy states indicated by the 

solid lines. 

higher energy states indicated by the dashed lines, instabilities would immedi- 

ately set in, forcing the plasma to lower energy states. 

tion of the stability of these states indicates stable windows of operation for 

8 5 0.2 and 1.6 8 for R/a = 5. The first window is "tokamaklike" and the 

latter, "pinchlike." Figures lb and IC show typical stable q-profiles. The 

equilibrium equations admit an expansion in powers of inverse aspect ratio. 

The leading order solutions are 

Figure 1 shows a plot of V Z 1/R W/(2m$ ) versus 1/R K / ( ~ T @ ~ ) ~  for the 

1x1 = 0 3 ,  is a branch-point from 
P 

2 
P 

In fact, if experimental conditions should drive the plasma to the 

A preliminary examina- 
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where An corresponds to the solutions of jo(An) = 0. The above equation 

agrees very well with the numerical solutions for the "tokamaklike" branch. 
An important aspect of this theory is that it allows a natural extension 

to equilibria with nonzero pressure gradients, unlike the equilibria in 

Taylor's theory which are force-free even in the presence of finite pressure. 

Details will be reported elsewhere. 

ACKNOWLEDGMENTS 

One of us (A.B.) would like to thank members of the Theory Division at 

PPPL, particularly E. Rosengaus, for useful computational advice. This work 

was supported by US Department of Energy Contract No. DE-AC02-76-CHO-3073. 

REFERENCES 

'Kruskal, M. D., and Kulsrud, R. M., Physics of Fluids 

'Taylor, J. B., Physical Review Letters 33 (1974) 1139. 

(1958) 265. 

'Woltjer, L., Proceedings National Academy of Sciences 44 (1958) 489. 
4Butt, E. P., Newton, A. A . ,  and Verhage, A. J. L., Proceedings Third 

Topical Conference, UKAEA Culham Laboratory, UK (September 1975). 

5Waddell, B. V., Rosenbluth, M. N., Monticello, D. A., White, R. B., 

Nuclear Fusion 16 (1976) 5 .  

6Hosea, J. C., Course and Workshop on Physics of Plasmas Close to Thermo- 

nuclear Conditions, Varenna, Italy (August 1979). 

7Kadomtsev, B., Soviet Journal of Plasma Physics 1. (1973) 389; Plasma 
Physics and Controlled Nuclear Fusion Research (Proceedings 6th International 

Conference, Berchtesgaden, 1976) Vol. I., IAEA, Vienna, 1977, 555. 

8Bhattacharjee, A., Dewar, R. L. ,  and Monticello, D. A., Physical Review 

Letters ,  t o  be published. 

'Baker, D., private communication. 

271 



3*01 2.5 

I 
I 
I 
I 
I 

1 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 

I p  

t 

I 
I 
I 

I 
1 

r = r  1 
I 
I 

i 
I 
I 
I 
I 1 

,- 
AH/ A/# 

cr- +44** 
2 .o I I I I J 

0 0.2 0.4 0.6 0.8 
I K 
R (2n 

RADIUS R A D  I US 
Fig .  l ( a )  Energy of equ i l ibr ia  i n  present theory compared with energy of 

Taylor s t a t e s  (marked by A ) .  Arrows indicate  d irect ion of increasing A. 
Labels P and T d is t inguish  pinchlike and tokamaklike equ i l ibr ia .  Dashed 
l i n e s  indicate unstable equilibrium (energy stat ionary,  but not minimum). 
(b )  'l'yplcal q-profi le  on the s tab le  P-branch. 
s table  T-branch. 

( c )  Typical q-profi le  on the 

272 



EQUILIBRIUM DENSITY FLUCTUATIONS FOR AN IDEAL MHD MODEL NEAR THE TAYLOR 
MINIM" ENERGY STATE 

Harvey A. Rose 
Los Alamos S c i e n t i f i c  Laboratory 

Los Alamos, NM 87544 

Densi ty  f l u c t u a t i o n s  i n  a r eve r se  f i e l d  z pinch, even during the  qu ie sc i en t  
phase,  can be l a r g e  but  t h e  l e v e l  v a r i e s  from one experimental  s i t u a t i o n  t o  
another1 . There have been simple arguments proposed2, based on t h e  h igh  
compress ib i l i t y  of a low f3 plasma, which show t h a t  small r e l a t i v e  f l u c t u a t i o n s  
i n  magnetic f i e l d  s t r e n g t h  can produce l a r g e  r e l a t i v e  f l u c t u a t i o n s  i n  dens i ty .  

I n  t h i s  paper we examine t h e  s p e c i f i c  p red ic t ions  of an a d i a b a t i c ,  
i s e n t r o p i c  MHD model. The p r i n c i p l e  conclusion i s  t h a t  t h e  mass dens i ty  
f l u c t u a t i o n s  i n  a q u i s c i e n t  s t a t e  a r e  l i k e l y  t o  have a bimodal d i s t r i b u t i o n  with 
peaks i n  the  neighborhood of ze ro  and i n  t h e  neighborhood of some va lue  g r e a t e r  
t han  t h e  mean. The sharpness  of t h e  l a t t e r  peak v a r i e s  d i r e c t l y  with the 
product  of $ and a parameter which c h a r a c t e r i z e s  t h e  proximity t o  t h e  Taylor3 
minimum energy s t a t e .  There is one f ree  parameter, p p ,  which can be i n t e r p r e t e d  
a s  a dens i ty  pedes t a l .  As t h i s  pedes t a l  is lowered, t h e  p r o b a b i l i t y  peak near  
t h e  pedes t a l  assumes a g r e a t e r  weight,  while  t h e  mass dens i ty  c h a r a c t e r i s t i c  of 
the second peak increases .  

To guaranty both the  conserva t ion  and p o s i t i v i t y  of t h e  t o t a l  mass and mass 
d e n s i t y ,  p ,  r e spec t ive ly ,  w e  s h a l l  dynamically evolve p with  a l a t t i c e  centered 
f i n i t e  d i f f e r e n c e  scheme i n  which p(x ,y ,z )  + n 2 ( i , y , k )  + p and i t  is a n / a t  
which is ca lcu la t ed .  For s i m p l i c i t y ,  choose t h e  equat ion  of s ta ' t e  p = 1 / 2  po C,' 
p2  where p is t h e  mass dens i ty  normalized t o  p . The t o t a l  energy dens i ty  I s  
E(Ll,p, 9 )  - 1/2 p o  p g2 + 1 / 2  po C2 p 2  + 1 / 2  The v e l o c i t y  f i e l d  is 
represented  on t h e  l a t t i ce ,  whfle B - is i n  terms of a t runca ted  f o u r i e r  
expans ion  

Since t h e  mass, M; energy,  E ;  and magnetic h e l i c i t y ,  H ,  are t i m e  
independent ,  t h e  p r o b a b i l i t y  d i s t r i b u t i o n ,  P, m u s t  con ta in  t h e  d e l t a  func t ions :  
6 ( M  - Ifo) 6 ( E  - Eo) 6 ( H  - Ho). The canonica l  (a l a  Gibbs) approximation t o  
t h e s e  c o n s t r a i n t s  is  P = P' (g, n,  E )  exp-[aE + y M  + &HI, where p = n2 + p If 
a t i o u v i l l e  theorem were s a t i s f i e d  by the  dynamics, then P' could be replaged by 
a cons tan t .  Since t h e  conserva t ion  c o n s t r a i n t s  are s t rong  f o r  a small l e v e l  
( i . e .  q u i e s c i e n t )  of f l u c t u a t i o n s ,  t he  model P' = cons tan t  is worth examining 
i n  any case. 

I n t e g r a t e  t h i s  model d i s t r i b u t i o n  over U and f3, and make the  replacement 
dn/n3 + dp/p2 t o  o b t a i n  t h e  s i n g l e  l a t t i c e  s i t e - d i s t r i b u t i o n  
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with p > p p  > 0 i n  o rde r  t h a t  P be normalizable.  

Let  t h e  energy i n  excess  of t h a t  i n  t h e  Taylor s ta te  be a small f r a c t i o n ,  E, 
of t h e  t o t a l  energy. It can be shown t h a t  u p o  C', - B / E  where 8 = C:/ < V i  >. 
I f  B/E >> 1, then y < 0, in orde r  t h a t  IP(p)dp = 1 and /pP(p)dp = 1 = < p >. 
P ( p )  has sp ikes  a t  p and a t  p * ,  p *  = l y l / a  po (228. P 

I n  t h e  f i g u r e ,  P(p)  is p l o t t e d  for Pp = .1, and s e v e r a l  va lues  of B/c: 

2 .oo -10.6 1.20 

1.50 -7 -08 1.36 

1 .oo -4.20 1.71 

The assumptions used i n  t h i s  model inc lude  those  i n  t h e  usua l  abso lu t e  
equi l ibr ium ensemble nodels.4 95 *6s7  ,* s9 S p a t i a l l y  non l o c a l  densi ty-densi ty  
c o r r e l a t i o n s  have been ignored i n  f avor  of t he  conservat ion c o n s t r a i n t s  which 
should be of primary importance near t h e  Taylor s ta te .  Our p r e d i c t i o n s  should 
be  considered only  i n  t h a t  l i m i t .  
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EFFECT OF INDUCED WALL CURRENTS ON TAYLOR ELAXATION* 

Allan Reiman 

Laboratory of Plasma Studies 
Cornel1 University 

Ithaca, New York 14853 

In a self-reversed z-pinch the induced wall current 
must be greater than the current carried by the external 
field coils. The contribution of these wall currents to 
the energy was neglected by Taylor in his work on the 
relaxation of a z-pinch plasma, We redo Taylor's analysis 
including the neglected term, We also generalize the 
analysis to arbitrary cross-section and aspect ratio. 
Although the energy due to wall currents can be large, and 
must be included in the analysis, we show that this con- 
tribution never alters the minim energy state. 

For the spheromak configuration the equilibria of 
interest have no surface current, Nevertheless, to deter- 
mine the stability of these equilibria we must compare 
their energy to that of other force-free equilibria which 
do have surface currents. 

Taylor's theory of plasma relaxation in a z-pinch(l) is phenomenologi- 
cal, in the sense that its assumptions must be justified by the successful 
predictions of the theory, 
plausible, they have not been derived from first principles, Nevertheless 
the successes of Taylor's theory are impressive. 
remarkably well the experimentally observed evolution of z-pindl plasmas. 
In this paper we begin with the assumptions proposed by Taylor, and correct 
and generalize Taylor's analysis, 

Taylor assumes that the plasma evolves to a state of minimum energy, 
subject to the constraints of constant toroidal flux, Y ,  and constant 
magnetic helicity, 

Although the assumptions are intuitively 

The theory describes 

where the integration in eq. (1) is over the plasma volume. 
constraints do not involve the pressure, only the magnetic energy, 

Because the 

need be considered, From the method of Lagrange multipliers it follows 

* 
This work supported by the U.S. Department of Energy, 
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that the s ta te  of minimum energy must satisfy 

VxB = AB, .., ?. 

where 
tion, but not a sufficient condition, for ilunimum energy. 

magnetic energy, using eq. (2) t o  find 

is a constant independent of position, This is a necessary condi- 

To make further progress, integrate by parts the expression for the 

1 

where S denotes the plasma surface, and fi is a unit vector normal t o  the 
plasma surface . Taylor neglects the surface integral, and concludes that 
the lowest energy state is that having lowest eigenvalue. 
integral is in general a nonvanishing function of A ,  and cannot be neglected. 

But the surface 

From eq. (2) we see that 

v 
This is the energy of the plasma currents. (2) We w i l l  show la te r  that the 
surface integral gives the contribution to  the energy due t o  induced wall 
currents. To see that this  contribution can be large, note that 

4.rr 1 B-dR = - lh c - -  C 

where C is any toroidal path around the wall of the torus, and I h  is the 
current through the hole of the toms, The current through the hole is  ;1 
sum of two components, 

where Ie is the induced poloidal wall current and I 
the external f ie ld  coil  windings that link the torug? A t  f ie ld  reversal the 
integral i n  eq. (5) vanishes, so the induced poloidal wall current must be 
equal to  the current through the external f ie ld  coils, In a self-reversed 
z-pinch the induced wall current must be greater than the current through the 
external f ie ld  coils. The induced wall currents play an essential role in  
the process of self  reversal, 
reversed s ta te  has lower energy than the nonreversed s ta te ,  we must include 
the energy of these induced wall currents, 

In ref. (3 ) ,  Taylor's analysis for a large aspect ratio torus of circu- 
l a r  cross-section is redone using the corrected expression for the energy of 
a force-free state,  
induced wall currents does not affect the minimum energy state,  In practice 
other geometries are also of interest. 
whether f ini te  aspect ra t io  effects are important. 
geometry is considerably different, 

For the pure spheromak, the sphere without a hole, the  surface term 
vanishes and Taylor's original analysis goes through. The s heromak with a 
hole is of greater interest because of i ts  improved shear. (47 Here again the 
equilibria of interest have no surface current, 
s tabi l i ty  of these equilibria we must compare their  energy t o  that of other 

is  the current through 

In properly determining whether the field 

I t  is shown that for this  geometry the energy of the 

For the spheromak the  
For the z-pinch we would l i k e  to know 

However, t o  determine the 
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force-free equilibria which do have surface currents. 
is the same as that for a z-pinch of the same gentry. 

Taylor analysis to arbitrary cross-section and aspect ratio, 
that the contribution to the energy due to induced wall currents never alters 
the minimum energy state. This will follow from a relation we derive between 
surface and volume energy for equilibria satisfying eq. (2 ) .  

We begin by obtaining general expressions for 4 and jj at the wall of the 
torus, Set up a coordinate system (6,4) on the wall such that 9 increases by 
one in going once around in the poloidal direction while $I increases by one 
for each toroidal circuit, The Jacobian is 1/ IVexV@l. From eq. (2) and the 
perfectly conducting boundary condition it follows that f i * V X B  = 0 at the wall, 
so that B can be written as the gradient of some function, = vx. From the 
requirement that B be single-valued it follows that x must be of the form 
x = a6 + B$ + r(6, Cp) , where a and B are constants, while r is a periodic 
function of 0 and 9. 

From eq. (2) it follows that 4 must be of the form 4 = & / A  + Vr\, for 
some function n. 

The required analysis 

In the remainder of this paper we show how t o  generalize the corrected 
Ne will show 

We must in addition satisfy the condition 

where yh, the flux through the hole of the torus, is a constant independent 
of time. This condition follows from 

aA 1 -  E = - V@ - zx, 
and from the perfectly conducting boundary condition, 
take rl = - B/A)$, 

We can now evaluate a and 6, 
Vx in terms of A we find that a = XY. 
line integral o? Vx in terms of l3, we find that 6 = 4rrIh/c. Our final 
expressions for A and 5 B at the wall are 

To satisfy eq. (7) we 

Expressing the poloidal line integral of 
Similarly, expressing the toroidal 

.y 

I~V$ + vr, E = A w e  + - 4n 
C 

A I = Y V ~  + yhv$ + + vr. 
Using eqs. (8) we can evaluate the surface integral in eq, (3) .  Because 

r is periodic, its contribution to the integral vanishes. We find 

In this expression only I 
difference in energy betwben two force-free states, the tern proportional to 
Y cancels out, 
ahalysis, as we would expect, 

face tern. Using eq, (8b) and V - J  - = 0,  we find 

is not a conserved quantity, In determining the 

The value of yh will therefore not affect the results of our 

We are now in a position to vcrify our physical interpretation of the sur- 
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where J is the surface current density at the wall. 
and (6) that  

I t  follows from eqs. (9) 

In determining energy differences the constant terms cancel out, t o  leave the 
difference i n  energy of the induced wall currents. 

energies, we derive a Green's theorem fo r  eq. (2). 
t ions of eq. ( Z ) ,  with eigenvalues A 1  and 12. We use the vector identity 

As a f i rs t  s tep towards obtaining a relat ion between surface and volume 
Let El and & be two solu- 

integrating over the volume and using eq, (2) t o  find 

This is  our Green's theorem. We can evaluate the r ight  hand side further 
using eq, (8a) t o  find 

L Now use the pos i t iv i ty  of (E1 - B2) , integrating over the volume t o  show 

If X 2  > hl, we conclude that  

This is a relat ion between the surface energy and the t o t a l  energy for  the 
solutions of eq. ( 2 ) .  We f ina l ly  use eqs. (3) and (9) t o  eliminate the sur- 
face energy from eq. (12). 
After some algebra, we establish 

Setting K1 = K 2 ,  we find that  the K's cancel, 

Eq. (13) i s  not quite what we would have liked. IVe would l ike  to  show 

Let h2 approach A1 i n  eq. (lZ), writing A 2  = Al + Ah, 

that  i n  fac t  W > W 1 .  
the surface enirgy leads t o  a degeneracy of the lowest energy mode. 

quantit ies i n  eq. (12) t o  f i rs t  order in  A h ,  Using also eqs. (3) and (9) 
we now find that  

In eq. (13) we have not ruled out the poss ib i l i ty  that  

Taylor expand a l l  

I t  follows that  the p lo t  of W vs, K cannot have degenerate branches. 
To complete our generalization of Taylor's analysis, we should say some- 

thing about the character of the solutions of eq, (2) i n  a torus of arbi t rary 
cross-section and aspect r a t io ,  
have azimuthal symmetry. 

To do so we specialize t o  a torus whose walls 

Write B z = H ~ ( ~ 1  eiRQ, where the @yaf do not depend on 4, For the R # 0 
We can then Fo r 'er  transform i n  4, 
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modes, Ih = 0. 
Y = 0 also, 

For these modes the boundary condition im- 
plies that B is a constant on the wall. When B = 0 on the wall, W = hK. It 
follows from 4 standard variational arguments that $I the R = 0, B8 = 0 modes are 
discrete and form a complete set in the poloidal plane define by $I = constant. 

For R = 0, B+ # 0 at the wall, we use the Green's theorem derived earlier. 
Construct a dyadic Green's function for eq. (2) using the R = 0, B9 = 0 
eigenmodes. We then find for the B, # 0 solution 

It follows from the boundary condition that fo r  these modes 

Now focus on the R = 0 modes. 

where the sum is over a l l  R = 0, B4 = 0 eigenmodes, normalized to K, = 1. 
is easily shown that fo r  a given X this continuum eigenfunction is unique. 

It 
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STEADY STATE MAGNETIC DIFFUSION FROM RESISTIVE INTERCHANGE MODES 

Wallace M. Manheimer 
Plasma Theory Branch 

Naval Research Laboratory 
Washington, D.C.  20375 

Abstract  

It i s  shown t h a t  a l i k e l y  nonlinear s t a t e  f o r  r e s i s t i v e  interchange modes 

i s  one i n  which ve loc i ty  vortex s t r u c t u r e  i s  balanced by Ohmic d i s s ipa t ion .  

Macroscopically t h i s  i s  manifested as magnetic d i f fus ion  and anomalous energy 

t r anspor t .  The r e s u l t s  a r e  discussed and compared with recent  experiments. 

It i s  now general ly  assumed t h a t  reverse  f i e l d  pinches (RFPs) can exis t  

ne i the r  i n  states which axe MHD unstable  nor i n  s t a t e s  which a r e  t e a r i n g  mode 

unstable .  

been ca lcu la ted .  It seems reasonable t h a t  t h i s  conclusion a l so  appl ies  

t o  spheromaka. The remaining problem is t h e  e f f e c t  of res i s t ive  interchange 

modes. 

g rav i ty ,  i nd ica t e s  t ha t  any pressure gradient  d r ives  these  modes unstable .  

Apparently t h e  plasma must e i t h e r  e x i s t  i n  such an unstable  s t a t e ,  o r  e l s e  be 

driven to the  Taylor configurat ion wi th  zero pressure gradient.7 

be a c r u c i a l  i s s u e  and one can examine it i n  two ways. F i r s t  one can do t h e  

l i n e a r  theory more accura te ly ,  modeling geometry and/or k i n e t i c  effects more 

r e a l i s t i c a l l y ,  and hope t h a t  s t a b l e  regimes emerge. Second, one can examine 

whether t h e  plasma can e x i s t  i n  the presence of t h e s e  modes. 

follows t h e  second approach. It f i n d s  t h a t  t h e  plasma can indeed e x i s t  (bu t  

has anomalous t r a n s p o r t ) ,  wi th  a spectrum of nonl inear ly  sa tu ra t ed  r e s i s t i v e  

interchange modes. The anomalous magnetic d i f fus ion  is ca lcu la ted  i n  terms of 

Indeed, d i f f u s e  pinch p r o f i l e s  which a r e  s t a b l e  t o  a l l  of t hese  have 

The simplest  theory ,  which mocks up pressure gradient  w i t h  an e f f ec t ive  
4,5,6 

This seems t o  

This  repor t  
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t h e  f l u i d  ve loc i ty  f luc tua t ion  and an est imate  i s  then given of an upperbound 

for t h i s .  A l s o ,  it i s  worth poin t ing  out t h a t  s ince  mode r a t i o n a l  sur faces  

f o r  r e s i s t i v e  g modes occur everywhere i n  an R F T ,  a t h e o r y  which p red ic t s  sta- 

b i l i z a t i o n  by f l a t t e n i n g  t h e  pressure  p r o f i l e  over for ins tance  a f e w  widths 

of the  i n t e r a c t i o n  region i s  not a v i ab le  theory ,  because t h e s e  i n t e r a c t i o n  

regions w i l l  almost c e r t a i n l y  overlap.  
8 This work i s  motivated t o  a l a r g e  ex ten t  by recent  s tud ie s  i n  Eta-Beta 11. 

1 4  There it was found t h a t  a reverse  f i e l d  pinch plasma w i t h  n 2 x 10 , 
T 100 ev and I = 200 kA could e x i s t  i n  a quiescent state f o r  as long as 500 

p sec before  d is rupt ing .  The growth time f o r  t h e  r e s i s t i v e  g mode i s  less than 

10 p sec ,  while t h e  r e s i s t i v e  d i f fus ion  t i m e  i s  about 10-20 mi l i sec .  Thus 

something allows t h i s  plasma t o  e x i s t  f o r  many growth times, but t o  be l o s t  

r ap id ly  compared t o  a c l a s s i c a l  d i f fus ion  time. 

show t h a t  low frequency f luc tua t ions  v i r t u a l l y  disappear during t h e  quiescent 

phase, t h e  high frequency f luc tua t ions  are reduced, but  a r e  s t i l l  present .  

Also,  while magnetic probes 

For a r e s i s t i v e  interchange mode, Ohm’s law i s  

H 

(1) 
N V  “ I J = ; x B  

where a t o p  squiggle ind ica t e s  a f luc tua t ing  quant i ty ,  and 7) i s  assumed t o  be 

a constant .  I n  slab geometry, with = B o ( i z  + - i ) , incompressible per- 

turbed motion and with t h e  f luc tua t ing  q u a n t i t i e s  varying as f ( x )  exp ( i k y  + Y t )  

+ c ~ c . ,  Ref. 6 ca l cu la t e s  t h e  mode s t r u c t u r e  and growth rate. 

X 
Ls -Y 

The r e s u l t  i s  
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T where g i s  t h e  equivalent  g rav i ty  g b  /MR, and R i s  t h e  rad ius  of curvature 

of t h e  f i e l d  l i n e .  

s ign.  For a reversed f i e l d  pinch, R. i s  roughly the  minor rad ius  r. Also, 

it is important t o  note  t h a t  f o r  a r e s i s t i v e  interchange mode, E = 0 according 

The plasma i s  uns tab le  only i f  'piax and R have opposite 

N 

t o  E q .  (I). 

Now imagine t h a t  some nonl inear  e f f e c t  stops t h e  growth of t h e  f luc tua t ion  

( I n  addi t ion  (i.e., so y = 0) a t  some sa tu ra t ed  value which w e  w i l l  denote 'so. 

t o  specifying a To, t h e r e  a r e  o the r  sub t l e  requirements on such a nonl inear  

e f f e c t  which w i l l  be discussed more f u l l y  e l s e  where). This paper does not 

specula te  on what t h i s  

for and proceeds. 

nonl inear  e f f e c t  is; it only assumes a sa tu ra t ed  value 

0 

The idea  then is t h a t  t h e  plasma i s  not  quiescent ,  but has a f luc tua t ing  

This f luc tua t ing  ve loc i ty  is  balanced by Ohmic d i s s ipa t ion  i n  ve loc i ty .  

s teady s ta te  according t o  Eq. (1). 

rise t o  a steady state e l e c t r i c  f i e l d  i n  t h e  z d i rec t ion  according t o  Ohms l a w :  

However, this f luc tua t ing  ve loc i ty  gives  

T h i s  f i e l d  g ives  rise t o  a d i f fus ion  i n  t h e  magnetic f i e l d  
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V B * - V  B *  
a B  2 a B  Y -2rlc.2 
a t  a x  4T a x  X Y  Y X  

where t h e  term on the r i g h t  hand s i d e  i s  obtained from Eq. (2 )  and t h e  f a c t o r  

of 2 i n  f r o n t  comes from adding t h e  complex conjugate. Also, we have changed 

t h e  notat ion s l i g h t l y  and now the  index i denotes t h e  ith r a t i o n a l  surface.  

Thus the  s tab i l ized  r e s i s t i v e  interchange mode gives  rise t o  magnetic d i f fus ion  

on each r a t i o n a l  surface.  

magnetic d i f fus ion  over the e n t i r e  plasma. 

If t h e  d i f f e r e n t  mode widths overlap,  there w i l l  be 

To g e t  a rough est imate  f o r  t h e  anomalous magnetic d i f fus ion ,  l e t  us 

assume t h a t  nonl inear  e f f e c t s  limit t h e  y f luc tua t ing  ve loc i ty  to  some f r a c t i o n  

cx of t h e  sound speed so t h a t  V = 0.5 akR -. In t h i s  case,  t h e  value of the  

magnetic d i f fus ion  c o e f f i c i e n t  a t  x = x 

T 
0 M 

is given roughly by i 

It  is i n t e r e s t i n g  t o  note  t h a t  i n  t h i s  case D 'L n1'3 as on: might expect f o r  
V 

r e s i s t i v e  interchange modes. Also  5 i s  given by 1/2 B -- B 1/2 Bka 
X 

aB so t h a t  the  b a s i c  phenomena is f l u i d  convection and vortex motion; t h e  

r a d i a l  f l uc tua t ing  magnetic f i e l d  being, by con t r a s t ,  small. For Eta-Beta 11, 

we f ind  t h a t  if k r  'L 10,  Eq. (6) w i t h  a <  1 gives  roughly the correct confine- 

0 

ment time. 

the  theory developed here does not  d i r ec t ly  apply. Nevertheless,  it would 

However, w e  emphasize t h a t  s ince  R * p ( t h e  ion larmor r ad ius ) ,  i 

undoubtedly be i n t e r e s t i n g  t o  t r y  t o  measure small scale ve loc i ty  f luc tua t ions  

during the  quiescent  phase of a reverse  f i e l d  pinch. 
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RFP THEORY WORKSHOP SUMMARY 

D. A. Baker 

Los Alamos S c i e n t i f i c  Laboratory 

I. INTRODUCTION 

The summarizing of t h e  r e s u l t s  of a workshop as e x t e n s i v e  as t h i s  one is 

indeed  a c h a l l e n g i n g  t a s k .  I have a t tempted  t o  p o i n t  o u t  t h e  major i s s u e s  and 

new important  developments. I n  p a r t i c u l a r ,  a n  a t t e m p t  h a s  been made t o  
i n d i c a t e  where more t h e o r e t i c a l  work on o u t s t a n d i n g  RFP problems is needed. It 
i s  hoped t h a t  t h i s  w i l l  m a t e r i a l l y  a c c e l e r a t e  RFP theory  i n  t h e  areas of 
g r e a t e s t  need and w i l l  a i d  any t h e o r i s t  a t t e m p t i n g  t o  make new and p e r t i n e n t  

c o n t r i b u t i o n s  i n  t h e  f i e l d .  It  was not  p o s s i b l e  t o  d i s c u s s  s p e c i f i c a l l y  every 

p i e c e  of work; this would have s i g n i f i c a n t l y  lengthened a n  a l r e a d y  lengthy  

summary. The t o p i c s  are  d iscussed  i n  s u b j e c t  headings e s s e n t i a l l y  as they  
appeared i n  t h e  workshop b u t  t h e i r  o r d e r  was changed i n  an a t t e m p t  t o  a i d  i n  
t h e  l o g i c a l  p r e s e n t a t i o n .  

?.I* RESULTS OF RFP EXPERIMENTS 

The r e s u l t s  of RFP experiments  were reviewed t o  s e t  t h e  s t a g e  f o r  
subsequent  papers  and t o  provide  i n p u t  f o r  t h e  d i s c u s s i o n  groups-  
Newton reviewed t h e  p o l o i d a l  f l u x  consumption and energy l o s s e s  observed i n  t h e  

s e t t i n g  up o f  t h e  q u i e s c e n t  o p e r a t i o n  of Zeta. He r e p o r t e d  t h a t  t h e  energy 
1088, up t o  t h e  time of peak c u r r e n t ,  was - 1 /3  of t h e  t o r o i d a l  c i r c u i t  energy 

i n p u t  f o r  a s e l f - r e v e r s a l  s t a r t - u p  w i t h  a c u r r e n t  r i a e  time of 1 - 4  m s .  The 
Zeta s h e l l  had no s l o t s  running i n  t h e  t o r o i d a l  d i r e c t i o n  and prec luded  a i d e d  

reversal opera t ion .  The flux and energy i n p u t s  i n c r e a s e d  n e a r l y  l i n e a r l y  wi th  
t h e  pinch parameter  0 (Q=Bgwall/B+aVe) o v e r  t h e  range 1.2 C 0 < 1.8. The I 

f l u c t u a t i o n  level and t h e  e f f e c t i v e  resistance were observed t o  d e c r e a s e  as t h e  
c u r r e n t  rise t i m e  i n c r e a s e d  from 0.8 t o  2.6 ms. The c u r r e n t  p e n e t r a t e d  t h e  

plasma column r a p i d l y  and t h e  plasma energy a t  peak c u r r e n t  was a small 
f r a c t i o n  of both t h e  t o t a l  magnet ic  energy and t h e  energy d i s s i p a t e d .  These 

r e s u l t s  p o i n t  t o  a need t o  f i n d  a more e f f i c i e n t  means of s e t t i n g  up t h e  RFP- 

t h e o r e t i c a l  

a 

286  



O r t o l a n i  summarized t h e  r e s u l t s  obtained by t h e  Padua group on t h e  ETA 

Beta I1 experiment (R/a  = 12.5cm/0.65cm) wi th  a ided  reversal. Quiescent 

ope ra t ion  The I/N va lue  of 
10' A*m was optimum f o r  making long cu r ren t  decay and low I f l u c t u a t i o n  

level  discharges.  This  va lue  i s  c l o s e  t o  t h a t  observed i n  t h e  quiescent  Zeta 
discharges.  Evidence was presented t h a t  t h e  q u i e t  d i scharges  were bracketed by 

h igh  f l u c t u a t i o n  levels a t  low f i l l  p re s su re  and by high impuri ty  r a d i a t i o n  
l o s s e s  a t  h ighe r  pressures .  E lec t ron  temperatures were repor ted  t o  be 
40-80 eV.  Short  cu r ren t  decay times were obtained when t h e  t o r o i d a l  f i e l d  a t  
t h e  w a l l  was reduced t o  zero. This  r e s u l t  is  of importance t o  spheromaks. 

fol lowing s e l f - r e v e r s a l  had not y e t  been obtained. 
1 4  

The recent  ZT-40 experimental  r e s u l t s  were summarized i n  a paper by 

Habers t ich ,  e t  a l .  E lec t ron  temperatures of - 80 eV were reached, w e l l  above 

t h e  OVI r a d i a t i o n  b a r r i e r .  Se l f - r eve r sa l  ope ra t ion  was r e a d i l y  obtained and 
q u i e t  per iods  i n  t h e  dens i ty  f l u c t u a t i o n s  were observed wi th  reversed t o r o i d a l  

magnetic and e lec t r ic  f i e l d s .  The q u i e t  per iod had t h e  no t i ceab le  d i f f e r e n c e  
t h a t  t h e  I f l u c t u a t i o n s  were not g r e a t l y  reduced as observed i n  ETA Beta 11. 

The ZT-40 c i r c u i t  had a 1/4 t o  1 primary t o  (plasma) secondary tu rns  r a t i o  as 
compared t o  t h e  12 t o  1 used i n  ETA Beta 11. This means t h e  c i r c u i t  l o s s e s  i n  

ZT-40 had a much more dominating e f f e c t  on t h e  cu r ren t  decay t i m e  ((0.4ms) as 
compared t o  t h e  - lms decay t i m e  of ETA Beta 11. Measurements of e x t e r n a l  

f i e l d  f l u c t u a t i o n s  and e l e c t r o n  dens i ty  f l u c t u a t i o n s  were repor ted  i n  paper 
by Jacobson and Buchenauer. The f i e l d  f l u c t u a t i o n s  are c o n s i s t e n t  with t h e  

i n t e r p r e t a t i o n  t h a t  t h e  e f f e c t s  are as soc ia t ed  with k*B s i n g u l a r  su r faces .  The 

chord-averaged d e n s i t y  f l u c t u a t i o n s  were observed t o  peak a t  t h e  outermost 

r eg ion  of t h e  discharge.  

a 

+ +  

Both experiments i n d i c a t e  t h a t  many important f e a t u r e s  of Zeta behavior 

can  be obtained on smaller bore experiments both wi th  a metallic vacuum l i n e r  

(ETA Beta 11) and an  i n s u l a t i n g  ceramic l i n e r  (ZT-40) us ing  100 I.IS cur ren t  

r ise  times. A t h e o r e t i c a l  understanding of t h e  na tu re  of t h e  physics  

c o n t r o l l i n g  t h e  occurrence and du ra t ion  of t he  q u i e t  per iods  i n  t h e  RFP is 

needed. 
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I I I RELATED CONCEPTS 

Experiments and theo ry  f o r  t h e  concep t s  v e r y  c l o s e l y  r e l a t e d  t o  t h e  RFP 

were reviewed. These i n c l u d e  t h e  spheromak, gun g e n e r a t e d  compact t o r i ,  and 

t h e  OHTE concep t s .  The spheromak and gun gene ra t ed  compact t o r i  d i f f e r  

p r i m a r i l y  from t h e  RFP i n  that  t h e  h o l e  i n  t h e  t o r u s  is shrunk t o  z e r o  ( i - e . ,  

u n i t  a s p e c t  r a t i o  and no e x t e r n a l  conduc to r s  l i n k  t h e  plasma) and t h e  r e s u l t i n g  

t o r o i d a l  f i e l d  a t  t h e  plasma edge is of n e c e s s i t y  zero.  T h e o r e t i c a l l y ,  t h e  

s t a b i l i t y  p r o p e r t i e s  a re  expec ted  t o  be  similar t o  t h a t  of RFP, r e l y i n g  on high 

s h e a r  and wa l l  s t a b i l i z a t i o n .  An a d d i t i o n a l  u n s t a b l e  t i l t i n g  mode is possible 

i n  t h e  spheromak and compact t o r u s  c o n f i g u r a t i o n s .  The s u c c e s s f u l  p r o d u c t i o n  

of  gun produced compact t o r i  l a s t i n g  - 150 LIS were r e p o r t e d  by t h e  LASL group. 

The t i p p i n g  mode was observed and then  e l i m i n a t e d  by u s i n g  a n  o b l a t e  f l u x  

conse rv ing  w a l l  as p r e d i c t e d  by theory.  The p r o d u c t i o n  of a spheromak-like 

c o n f i g u r a t i o n  was a l s o  r e p o r t e d  by t h e  Maryland group. The P r i n c e t o n  spheromak 

was j u s t  beginning o p e r a t i o n  a t  t h e  time of t h e  workshop. 

The OHTE concep t  was d i s c u s s e d  ( S c h a f f e r ,  e t  a l . )  and h a s  r e l e v a n c e  t o  t h e  

RFP program. OHTE combines t h e  h igh  ohmic h e a t i n g  p r o p e r t i e s  of t h e  RFP w i t h  

t h e  r o t a t i o n a l  t r ans fo rm produced by s t e l l a r a t o r - l i k e  h e l i c a l  windings.  L i k e  

t h e  RFP, t h e  h i g h  s h e a r  is expected t o  g i v e  s t a b i l i t y .  The p i t c h  reversal is 

produced by t h e  e x t e r n a l  h e l i c a l  windings and t h e  p i t c h  p r o f i l e  i s  expec ted  t o  

b e  less s e n s i t i v e  t o  t h e  decay of t h e  plasma c u r r e n t s  t han  t h e  RFP. The 

s t a b i l i t y  theo ry  f o r  t h e  OHTE is i n  t h e  beg inn ing  s t a g e s .  A t  p r e s e n t  i t  

depends h e a v i l y  on t h e  analogy w i t h  RFP s t a b i l i t y  r e s u l t s .  There may b e  

i m p o r t a n t  d i f f e r e n c e s  a s s o c i a t e d  w i t h  t h e  e x t e r n a l  h e l i c a l  f i e l d s ;  Tay lo r  

p o i n t e d  o u t  t h e  s t a b i l i t y  c r i t e r i o n  a s s o c i a t e d  wi th  the f i e l d  l i n e  p i t c h  is 

a l t e r e d  f o r  a n o n - c i r c u l a r  c r o s s  s e c t i o n .  

The r e l a t e d  concep t s  are of i n t e r e s t  t o  RFP i n v e s t i g a t o r s  and a c l o s e  

exchange of i d e a s  and e x p e r i m e n t a l  r e s u l t s  can m a t e r i a l l y  h e l p  each program. 

1V. START-UP 

The s t a r t - u p  problem is c r i t i ca l  in t h e  o p e r a t i o n  of a n  RFP. The Zeta 

s e l f - r e v e r s i n g  type  of s t a r t - u p  of t h e  RFP c o n f i g u r a t i o n  t e n d s  t o  b e  f avored  by 

t h e  f u s i o n  e n g i n e e r s  s i n c e  it is s i m p l e s t .  It i n v o l v e s  simply t u r n i n g  on t h e  

t o r o i d a l  c u r r e n t  i n  t h e  p re sence  of a n  a p p r o p r i a t e  t o r o i d a l  f i e l d .  There are 
conce rns  t h a t  t h e  energy l o s s  wi th  t h i s  t ype  of s t a r t - u p  may be  excessive- The 

h i g h  wal l  l o a d i n g  may r e l e a s e  t o o  many i m p u r i t i e s  i n t o  t h e  d i scha rge .  Large 
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l o s s e s  can r e s u l t  i n  excessive w a l l  damage. I n  t h e  extreme case, a n  

unfavorable  r e d u c t i o n  i n  t h e  power ba lance  of a r e a c t o r  could r e s u l t .  Relevant  

t o  t h i s  is t h e  existence of a g l o b a l  energy b a l a n c e  theorem 

(Baker, Mann, Ol iphant ,  P h i l l i p s )  which i n d i c a t e s  t h a t  a minimum l o s s  i s  

necessary  f o r  t h e  slow Taylor  s t a t e - l i k e  set-up of t h e  plasma. There is y e t  an  

open q u e s t i o n  t o  what e x t e n t  d e p a r t u r e s  from symmetry d u r i n g  a t u r b u l e n t  

s t a r t - u p  may a l t e r  t h e  p r e d i c t i o n s  of t h e  theorem. The p i t c h  convec t ion  method 

of s t a r t - u p  u s i n g  gas  i n j e c t i o n  was o r i g i n a l l y  proposed by Newton as a p o s s i b l e  

means of reducing t h e  set-up energy l o s s .  

S i x  papers  on s i m u l a t i o n  codes (Newton and Johns ton;  O l i p h a n t ;  Caramana; 

Byrne and Chu; Nebel and Moses; Matsuda, e t  a l a ; )  g i v i n g  RFP s t a r t - u p  

c a l c u l a t i o n s  were d iscussed .  Of p a r t i c u l a r  in te res t  is t h e  demonstrat ion of a 

s low set-up of a n  RFP e q u i l i b r i u m  by p i t c h  convec t ion ,  t h a t  is a t  a l l  times 
i d e a l  MHD s t a b l e  (Nebel, Moses). The c a l c u l a t i o n  demonstrated a RFP set-up 

having an  energy loss of a few percent .  The energy l o s s e s  a s s o c i a t e d  wi th  t h e  

plasma product ion  were n o t  t r e a t e d .  The q u e s t i o n  of p o s s i b l e  I n s t a b i l i t y  due 

t o  a vacuum edge r e g i o n  i n  a real  system w i t h  a vacuum l i n e r  i n s i d e  t h e  

s t a b i l i z i n g  s h e l l  was r a i s e d  and t h e  e f f e c t s  of res is t ive modes are y e t  t o  be 

determined. The p i t c h  convect ion method i n  whtch t h e  f i e l d s  and plasma are 
convected inward t o  b u i l d  up t h e  d e s i r e d  c o n f i g u r a t i o n  appears  t o  have promise 

f o r  reducing s t a r t - u p  losses i f  s e l f - r e v e r s a l  and aided reversal start-up 

procedures  prove unacceptable .  P e r k i n s  and Caramana r e p o r t e d  necessary  

c o n d i t i o n s  f o r  a p i t c h  convec t ion  s t a r t - u p .  

V. EQUILIBRIUM AND STABILITY 

MHD - 
S i n c e  RFP c o n f i g u r a t i o n s  ex is t  which are s t a b l e  a g a i n s t  i d e a l  MHD and 

res is t ive t e a r i n g  modes, t h e  res is t ive g mode c o n t i n u e s  t o  b e  of i n t e r e s t  s i n c e  

i t  is d r i v e n  by t h e  p r e s s u r e  g r a d i e n t s  and unfavorable  f i e l d  l i n e  c u r v a t u r e s  

p r e s e n t  i n  a n  RFP. 

Previous  work (Robinson, O r t o l a n i )  on t h e  g mode u s i n g  a c y l i n d r i c a l  

nonidea l  MHD code i n d i c a t e s  growth r a t e s  a re  above t h e  res is t ive d i f f u s i o n  

times only f o r  b e t a  v a l u e s  above - 10%. The g mode becomes very  l o c a l i z e d  

around t h e  k B = 0 s u r f a c e  when t h e  Lundquist  number becomes ‘high. A f u l l y  

k i n e t i c  d e s c r i p t i o n  is needed f o r  h o t  plasmas s i n c e  t h e  f l u i d  d e s c r i p t i o n ,  even 

+ +  
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w i t h  approximate f i n i t e  gyro rad ius  co r rec t ions ,  become inva l id  f o r  t h e  very 

l o c a l i z e d  phenonemon. 
Recent work a t  Livermore (Schnack) us ing  a f l u i d  code and LASL (Hewitt) 

w i th  a Vlasov-fluid code p r e d i c t  a nonl inear  r e s i s t i v e  m = 0 uns t ab le  g mode i n  
a n  RFP conf igu ra t ion  which does not  s a t u r a t e  a t  small  amplitude. The nonl inear  
s ta tes  of t hese  c a l c u l a t i o n s  look similar f o r  both ca l cu la t ions .  The e a r l y  

s t a r t -up  p o s i t i o n  of t h e  growing modes is  d i f f e r e n t  f o r  t h e  two c a l c u l a t i o n s ,  

however ( a t  t h e  t o r o i d a l  f i e l d  ze ro  i n  t h e  f i r s t  case  and a t  t h e  pinch a x i s  i n  

t h e  second). The e l e c t r o n  h e a t  conduction has  been neglected in both 

c a l c u l a t i o n s  and should have a s t a b i l i z i n g  e f f e c t .  Only g modes s a t u r a t i n g  a t  

low levels were found i n  t h e  corresponding Culham work (Robinson). Fur ther  

work is needed t o  c l a r i f y  s e v e r a l  i s sues  r a i sed  i n  the  f i r s t  c a l c u l a t i o n s ,  bu t  
i f  such a mode e x i s t s  i t  may i n d t c a t e  t h e  need f o r  a s t a r t -up  which remains low 
b e t a  (where t h e  mode i s  not  dangerous) u n t i l  a high enough L u n d q u i s t  number is 
reached t o  o b t a i n  poss ib l e  s t a b i l i z a t i o n  by k i n e t i c  e f f e c t s .  S tudies  are 
underway t o  c l a r i f y  t h e  above r e s u l t s  and t o  examine t h e  e f f e c t s  of l a r g e  gyro 

r a d i i  and beta .  An approach using t h e  Vlasov-fluid model was descr ibed by 
L e w i s  

P a r a l l e l  v i s c o s i t y  is s t a b i l i z i n g  t o  t h e  res is t ive g mode f o r  m = 0 

(Robinson). Calcu la t ions  (Dagazian) i n d i c a t e  t h a t  p a r a l l e l  v i s c o s i t y  is 

d e s t a b i l i z i n g  a t  high m numbers where t h e  mode is  less dangerous. The work of 

Chang, e t  a l a ,  shows t h a t  t h e  growth rate of t h e  r e s i s t i v e  g mode decreases  

considerably as t h e  e l e c t r o n  temperature grad ien t  increases .  
Plasma r o t a t i o n  o r  e l e c t r o n  f l u i d  motion a t  t h e  diamagnetic d r i f t  

frequency can make a r e s i s t i v e  l i n e r  appear as a conducting s h e l l  t o  t e a r i n g  
and i d e a l  MHD modes, and i t  was s t a t e d  t h a t  t h e r e  are i n d i c a t i o n s  t h a t  a f u l l  

conducting s h e l l  may not  be necessary f o r  t h e  RFP (Robinson). E f f e c t s  of 
f i n i t e  w a l l  conduct iv i ty  were discussed i n  a paper by Nalesso. 

M i c r o i n s t a b i l i t i e s  

M i c r o i n s t a b i l i t i e s  can cause an i n c r e a s e  i n  t h e  r e s i s t i v i t y ,  h e a t  

conduct iv i ty ,  and c ross - f i e ld  t r a n s p o r t  of p a r t i c l e s  and energy. 
A cons iderable  amount of work has  been done i n  t h e  p a s t  on possible 

m i c r o i n s t a b i l i t i e s  i n  t h e  RFP. The work has  concentrated on modes d r iven  by 

diamagnetic c ros s - f i e ld  cu r ren t s .  The work t o  d a t e  (which inc ludes  the 
important lower hybrid d r i f t ,  d r i f t  cyclotron,  and un tve r sa l  modes) y i e l d s  t h e  
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r e s u l t  t h a t  t h e  high shear  and f i n i t e  be t a  of t h e  RFP conf igura t ion  s t a b i l i z e s  

a l l  such modes f o r  devices  on the  o rde r  of ZT-40 s i z e  and l a rge r .  Fur ther  work 

is needed i n  t h e  area of poss ib l e  m i c r o i n s t a b i l i t i e s  dr iven  by c u r r e n t s  flowing 
p a r a l l e l  t o  t h e  f i e l d  l i nes .  a f f e c t  
t h e  hea t ing  and t r anspor t  of t h e  RFP when l a r g e  cu r ren t  d e n s i t i e s  ate used f o r  
ohmic heat ing.  Linsker  descr ibed  a method for studying low frequency modes i n  
t h e  high shear ,  a r b i t r a r y  b e t a  RFP conf igura t ions .  Two i n s t a b i l i t i e s  which may 
n o t  be s t a b i l i z e d  by shear  were repor ted  a t  t h e  meeting by Gladd. These modes 
have been s t u d i e d  f o r  tokamaks and need f u r t h e r  s t u d i e s  t o  determine t h e i r  
e f f e c t  i n  RFT conf igura t ions .  The f i r s t  is t h e  e l e c t r o n  temperature grad ien t  
microtear ing mode. It is an electromagnet ic  mode which can form i s l a n d  chains  
about  k B = 0 sur faces .  These i s l a n d s  can over lap  f o r  6B/B -low4 and thus 

break  up t h e  magnetic su r faces  lead ing  t o  enhanced thermal t r anspor t .  The mode 
saturates by t r a n s f e r r i n g  energy t o  o the r  wavelengths. The second mode of 
i n t e r e s t  ie a para l le l -cur ren t -dr iven  d r i f t  mode which becomes uns tab le  f o r  

Vb/vithemal 2 2. Fur ther  work i n  t h i s  a r ea  is needed. Whether a p a r a l l e l  
cu r ren t  dr iven  mode which enhances r e s i s t i v i t y  is unfavorable o r  not depends on 
t h e  r e s u l t i n g  r a t i o  of ohmic hea t ing  t o  t r anspor t  energy loss. 

Such modes are of i n t e r e s t  s i n c e  they can 

* +  

Hel i ca l  Ohmic E q u i l i b r i a  
The p o s s i b i l i t y  of a s teady-s ta te  h e l i c a l  ohmic reversed- f ie ld  equi l ibr ium 

having plasma flows was f i r s t  suggested by Wesson as a r e s u l t  of 3-9 RFT 
self-reversal s imula t ions-  Such states may be the  end r e s u l t  of d r iv ing  an RFP 
t o  l a r g e  0 values .  Such a s t a b l e  s teady s t a t e  may possess  good hea t ing  and 
confinement p r o p e r t i e s  without  r equ i r ing  plasma a c t i v i t y  t o  maintain t h e  
conf igura t ion  aga ins t  resistive f i e l d  d i f fus ion .  

Necessary condi t ions  f o r  the ex i s t ence  of ohmic s teady  states were 
reported by Gimblett.  This paper c o n s t i t u t e s  a proof of p r i n c i p l e  of t he  
ex i s t ence  of h e l i c a l  ohmic states. The s ta tes  can be considered as produced by 
r e s i s t i v e  t e a r i n g  modes a t  marginal s t a b i l i t y .  The a n a l y s i s  used cons tan t  
r e s i s t i v i t y .  Analyt ic  and computer ca l cu la t ions  of such s ta tes  were reported 
by Schnack and Dagazian. 
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Quest ions  f o r  f u r t h e r  s tudy:  

1. Is c o n s t a n t  r e s i s t i v i t y  a requirement  f o r  t h e  e x i s t e n c e  of a h e l i c a l  ohmic 
s t a t e?  

2. Can one expec t  a plasma t o  a d j u s t  i t s  t r a n s p o r t  c o e f f i c i e n t s  t o  t h e  va lues  
r e q u i r e d  t o  g i v e  a s t a t i o n a r y  ohmic s t a t e ?  

VI. HEATING AND TRANSPORT 

There is need f o r  e s t a b l i s h i n g  s c a l i n g  laws f o r  t h e  energy confinement 

time ‘E of  a n  RFP.  Many s c a l i n g  formulas  from tokamaks and elsewhere e x i s t  and 
have been used f o r  p r e d i c t i o n s .  None a r e  known t o  b e  v a l i d  f o r  RFP. The 

impor tan t  problems of TE s c a l i n g  and e s t a b l i s h i n g  a proper  r e l a t i o n s h i p  between 
t h e  c u r r e n t  decay t i m e  and s t a b l e  c o n f i g u r a t i o n  time was d i s c u s s e d  by 

C h r i s t i a n s e n  and Roberts .  Impuri ty  e f f e c t s  in RFP’s were d i s c u s s e d  by 
Pio t rowicz  and C h r i s t i a n s e n .  

The h e a t i n g  and t r a n s p o r t  of t h e  RFP are be ing  s t u d i e d  w i t h  one- and two- 

dimensional  codes.  These codes have been used t o  s t u d y  t h e  e f f e c t s  of 

i m p u r i t i e s ,  thermal  i n s t a b i l i t i e s ,  and ohmic h e a t i n g  on t h e  e v o l u t i o n  of t h e  
e q u i l i b r i u m .  Oliphant  d e s c r i b e d  a new 1-D n o n i d e a l  MHD t r a n s p o r t  code which 

can  run a plasma problem from a dynamic s t a r t  where i n e r t i a l  e f f e c t s  are 
impor tan t  t o  a quas i -equi l ibr ium d i f f u s i n g  s ta te .  He presented  r e s u l t s  of 
c a l c u l a t i o n s  on running 2 pinches  t o  t h e  Pease l i m i t  and RFP c a l c u l a t i o n s  f o r  

d i f f e r e n t  c u r r e n t  risetimes. 

One-dimensional t r a n s p o r t  c a l c u l a t i o n s  ( C h r i s t i a n )  have shown t h a t  an 
i n i t i a l l y  low b e t a  RFP can  b e  ohmical ly  hea ted  t o  i g n i t i o n  tempera tures  w i t h o u t  
t h e  a s s o c i a t e d  r e s i s t i v e  d i f f u s i o n  d e s t r o y i n g  t h e  R F P  c o n f i g u r a t i o n  provided 
t h e  i n i t i a l  s t a t e  h a s  a low p a r a l l e l  c u r r e n t  i n  t h e  o u t e r  reg ion .  

A powerful one-dimensional quas i -equi l ibr ium code was d e s c r i b e d  by 
Caramana. The code u s e s  t h e  p o l o i d a l  f l u x  f u n c t i o n  as t h e  independent v a r i a b l e  

and treats t h e  f u l l  set of rate e q u a t i o n s  f o r  t h e  i o n i z a t i o n  s ta tes  of v a r i o u s  

i m p u r i t y  ions .  An enhancement of thermal  i n s t a b i l i t i e s  by impur i ty  r a d i a t i o n  

l o s s e s  was found. These i n s t a b i l i t i e s  a r e  suppressed  by a n o n c l a s s i c a l  
enhanced cross-f  i e l d  h e a t  conduction. 

A t h e o r y  which b a l a n c e s  ohmic d i s s i p a t i o n  a g a i n s t  t h e  v o r t e x  motion due t o  

reeis t ive g modes was Riven by Manheimer. A d i f f u s i o n  c o e f f i c i e n t  s c a l i n g  as 
rl 1’3 r e s u l t s -  The b a s i c  phenomenon is  f l u i d  convec t ion  and v o r t e x  motion; t h e  
r a d i a l  f l u c t u a t i n g  B f i e l d  is  small. The diffusi‘on c o e f f i c i e n t  g i v e s  a n  
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approximate agreement with t h e  ETA Beta I1 confinement time. It was f u r t h e r  

po in ted  ou t  t h a t  t h e  many k B = 0 su r faces  of t h e  RFP don't e x i s t  i n  tokamaks 

s o  t h a t  tokamak s c a l i n g  laws should not  be expected t o  apply t o  t h e  RFP. 

+ +  

Questions t h a t  need answering f o r  t r a n s p o r t  codes: 

1. 

2. 

3.  

4. 

How should t h e  plasma-wall boundary b e  t r e a t e d ?  Should gas be emi t ted  from 
t h e  wall? I f  so, how is t h e  gas emission t i m e  dependence determined? 

What t r a n s p o r t  c o e f f i c i e n t s  should be  used? 

How can s e l f - r e v e r s a l  r e a l i s t i c a l l y  b e  s imulated i n  one- and two- 
dimensional codes? 

Do three-dimensional codes have enough r e s o l u t i o n  t o  g ive  meaningful 
r e s u l t s ?  

VII. RELAXATION AND TURBULENCE 

The Taylor s ta te  cont inues t o  be a model which guides  t h e  th inking  of many 
RFP p h y s i c i s t s .  ztro p a p e r s  i n  t h e  se s s ion  had t h e  b a s i c  goa l  of f i nd ing  
modified lowest energy s t a t e s .  The motivat ion is twofold: (1) The Taylor  s t a t e  
impl ies  l a r g e  c u r r e n t s  extending t o  t h e  walls. This is undes i rab le  and is not  

expected because of a high r e s i s t i v i t y  i n  t h e  ou te r  co lde r  plasma 

region.  ( 2 )  The Taylor state is force- f ree  and cannot support  a plasma 
p res su re  gradient .  It is t h e  depar tures  from a Taylor  s t a t e  t h a t  are v i t a l l y  

important f o r  producing a magnet ical ly  confined plasma. Turner and 

Chr i s t i ansen  descr ibed  an incomplete r e l a x a t i o n  using a r e s i s t i v e  t runca t ion  

procedure while Bhat tachar jee  changed t h e  b a s i c  c o n s t r a i n t  by in t roducing  a 
f a c t o r  which is a func t ion  of t h e  h e l i c a l  f l u x  i n t o  the  in tegrand  A * B  of  t h e  

magnetic h e l i c i t y  i n t e g r a l .  Both systems g ive  lowest energy s t a t e s  which can 
have f i n i t e  b e t a  and ze ro  c u r r e n t s  a t  t h e  walls. There is a cons iderable  

degree of freedom in t h e  choice of t h e  resistive cut -of fs  used i n  t h e  f i r s t  
approach and of t h e  func t ion  introduced in t h e  second. 

+ +  

Reiman has  redone t h e  Taylor  minimization of t h e  magnetic f i e l d  energy 
inc luding  a neglected term. The c o r r e c t i o n  l e f t  t h e  lowest energy states 
una l t e red  from Taylor 's  o r i g i n a l  resul t .  It. is worth not ing  t h a t  ques t ions  
about t h e  procedure f o r  minimizing t h e  energy inc luding  t h e  plasma p res su re  

were r a i s e d  during t h e  workshop bu t  were l e f t  unclear .  
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The double cascade theory (Montgomery, Turner,  Vahala) where d i s s i p a t i o n  

ope ra t e s  p r e f e r e n t i a l l y  on t h e  f i e l d  energy, whose spectrum is peaked a t  
s h o r t e r  wavelengths than t h e  spectrum of t h e  magnetic h e l i c i t y ,  cont inues t o  be 
t h e  b e s t  answer t o  t h e  ques t ion  of why t h e  f i e l d  energy should be d i s s i p a t e d  
f a s t e r  than  the A*B i n t e g r a l .  Two-dimensional s imula t ions  of t h e  cascade 
process  were descr ibed (Matthaeus and Montgomery) showing a more rapid decay of 
magnetic energy than t h e  mean square  vec to r  p o t e n t i a l -  Three-dimensional 
c a l c u l a t i o n s  The main 
problem may be  g e t t i n g  enough r e s o l u t i o n  from a numerical three-dimensional 
c a l c u l a t i o n  t o  proper ly  desc r ibe  t h e  s h o r t  wavelength a c t i v i t y  dur ing  t h e  
decay. Present  day three-dimensional codes should be  u s e d  t o  examine t h e  
cascade process.  

+ +  

are needed i n  order  t o  be  d i rec t - ly  r e l evan t  t o  t h e  RFP. 

The tangled  d ischarge  model (Rusbridge) and t h e  dynamo theory reported 
previous ly  s t i l l  remain v i a b l e  candida tes  f o r  expla in ing  a turbulen t  
self-reversal e f f e c t .  The dynamo model has  not ye t  s a t i s f a c t o r i l y  explained 
t h e  da ta  of experiments. The tangled  d ischarge  model can g ive  a l a r g e  enough 
e f f e c t  t o  g ive  t h e  r eve r sa l .  It was poin ted  ou t  t h a t  t h e  F-O diagram is an 
i n s e n s i t i v e  measure of an RFP conf igura t ion .  

Mean f i e l d  theory using a n i s o t r o p i c  tu rbu len t  r e s i s t i v i t y  was shown 
(Rasband) t o  reduce t h e  amount of nonmirror symmetry requi red  i n  t h e  
f l u c t u a t i n g  v e l o c i t y  f i e l d  and can extend t h e  parameter range of f i e l d  reversal 
i n  a dynamo theory. This  theory is k inemat ica l  wi th  motions prescr ibed .  A 
f u l l y  dynamic d e s c r i p t i o n  fol lowing Newton's laws and Maxwell's equat ions does 
no t  y e t  e x i s t  and is  needed. We s t i l l  have a long way t o  go i n  g e t t i n g  a 
se l f - cons i s t an t  method of c a l c u l a t i n g  f i e l d  reversal. Three-dimensional codes 

show t h e  effect but  t h e  work t o  d a t e  (Wesson and Sykes) was done i n  a s t r a i g h t  
cy l inde r  wi th  a r ec t angu la r  c ros s  s e c t i o n  on a coa r se  mesh. A f u l l y  t o r o i d a l  
nonidea l  MHD three-dimensional code is being developed a t  LASL (Barnes, e t  al .)  
which can be used t o  s tudy se l f - r eve r sa l .  

Two s t a t i s t i c a l  mechanics papers  were given, one us ing  a nond i s s ipa t ive  
system (Miller) and t h e  o t h e r  a non-Liouville system (Rose). The f i r s t  

approach p r e d i c t s  force- f ree  mean f i e l d s  and s u r f a c e  c u r r e n t s  a t  w a l l s .  Doubts 
were expressed (Montgomery) about leav ing  ou t  d i s s i p a t i o n  i n  such a s ta t is t ical  
theory.  good 
approximation when f l u c t u a t i o n s  are small. A p r o b a b i l i t y  d i s t r i b u t i o n  curve 

The second theory used a con jec tu re  t h a t  t h e  Gibbs ensemble is a 
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was obtained. The model p r e d i c t s  reduced turbulence  a t  low plasma d e n s i t i e s .  

The relevance of t h e s e  approaches t o  RFP's is y e t  t o  be  determined. 

A paper by Bevir and Gray descr ibed  a novel method of programming magnetic 
h e l i c i t y  K = A*B dr i n t o  t h e  pinch assuming t h a t  a continuous mechanism is 

a v a i l a b l e  f o r  t h e  Taylor  r e l axa t ion .  They suggest  t h e  i n t r i g u i n g  idea  t h a t  a 

dc  component of t h e  t o r o i d a l  c u r r e n t  might be produced by applying ac t o r o i d a l  
and po lo ida l  vo l t ages  t o  t h e  pinch. This p o s s i b i l i t y  stems from t h e  p o t e n t i a l  
of  t h e  r e l a x a t i o n  process  t o  exchange t o r o i d a l  and p o l o i d a l  f luxes .  There are 
many t h e o r e t i c a l  ques t ions  t o  be answered, f o r  example: why should t h e  Taylor  
argument apply t o  t h e  case of app l i ed  EQ f i e l d s  when i t  assumes 8 p e r f e c t l y  
conducting f l u x  conserving s h e l l ?  This work is p a r t  of t h e  i n t e r e s t i n g  seque l  
t o  t h e  o r i g i n a l  Taylor  conjec ture  which has  s t imu la t ed  much t h e o r e t i c a l  
i n t e r e s t  

+ + +  

VIII. THE RFP REACTOR 

RFP Tokamak Comparison 

The parameters f o r  p re sen t  pulsed RFP and pulsed tokamak r e a c t o r  designs 
The c o s t  ana lyses  a re  comparable as can be seen from Table I of Spears '  paper. 

i n d i c a t e d  t h e  RFP r e a c t o r  t o  be somewhat cheaper than t h e  tokamak. 
The advantages of high ohmic hea t ing ,  freedom of choice of t o r o i d a l  aspec t  

r a t i o ,  low magnetic f i e l d s  a t  t h e  c o i l s  and lower c a p i t a l  cost f o r  t h e  pulsed 
RFPR are t o  be compared wi th  t h e  l ack  of t h e  need f o r  a metal s t a b i l i z i n g  s h e l l  
and lower expected s t a r t -up  l o s s e s  for t h e  pulsed tokamak reac to r .  

There is a need f o r  s teady-s ta te  RFP r e a c t o r  designs al lowing comparisons 
w i t h  These designs 
w i l l  have t o  d e a l  with t h e  i s s u e s  of limiters, d i v e r t e r s ,  r e f u e l i n g ,  ash  
removal and methods f o r  s teady-s ta te  c u r r e n t  dr ive.  The mounting p res su re  f o r  
s teady-s ta te  r e a c t o r s  stems c h i e f l y  from t h e  severe materials f a t i g u e  problems 
a s soc ia t ed  wi th  pulsed- f ie ld  designs.  

t h e  s t eady- s t a t e  tokamak r e a c t o r  designs such as STARFIRE. 

General Po in t s  of I n t e r e s t  
It  should be noted t h a t  t h e  paper by Gerwin, Moses, Nebel and Spears  g ives  

formulas' f o r  ohmic hea t ing ,  i g n i t i o n ,  and burning which have been shown t o  
produce s a t i s f a c t o r y  agreement with computer code resul ts  and can be very 
u s e f u l  f o r  f u t u r e  r e a c t o r  op t imiza t ion  s tud ie s .  
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A compact RPP r e a c t o r  has  been discussed by Miley and a ZT-40 s i z e  

"wetwood burner" w a s  discussed i n  t h e  paper by Gerwin, e t  a l .  The need f o r  
small, low c a p i t a l  c o s t  p i l o t  r e a c t o r s  has  been pointed out  by t h e  e l e c t r i c a l  
i ndus t ry  t o  be important i n  t h e  e a r l y  s t a g e s  of t h e  development of commercial 

f u s i o n  power. 

The need f o r  f u r t h e r  s t u d i e s  of a lpha -pa r t i c l e  hea t ing  and physics  should 

be  s t r e s sed .  For example beam-type i n s t a b i l i t i e s  can t r a n s f e r  energy from 

a lpha -pa r t i c l e s  d i r e c t l y  t o  t h e  ions -  Alpha-part ic le  e f f e c t s  were discussed a t  
t h e  workshop by Miller. 

Ihe ques t ion  of a limiter i n  t h e  RFP was ra i sed .  It should be  noted t h a t  
f o r  an RFP t h e  f i e l d  near  t h e  wall is l a r g e l y  po lo ida l  and t h e  limiter should 

extend t h e  long way around t h e  torus .  This can a f f e c t  t h e  po lo ida l  symmetry 
proper  t i e s  . 

Another important po in t  discussed i n  t h e  se s s ion  was whether quiescent  

ope ra t ion  of t h e  RFP requ i r e s  a reversed E f i e l d  a t  t h e  wall. I n  Zeta, ETA 

Beta 11, and ZT-40, q u i e t  per iods  were obtained only during t h e  cu r ren t  decay 

and wi th  reversed E,+ and B,+. The problems t h a t  a r i s e  a r e  assoc ia ted  with the  
accompanying expansion of t h e  plasma wal l  when t h e  Poynting vec to r  is negat ive-  

Newton poin ted  out t h e  p o s s i b i l i t y  of c o n t r o l l i n g  t h e  expansion with t h e  
po lo ida l  e l e c t r i c  f i e l d  even i f  t h e  t o r o i d a l  f i e l d  must be negat ive.  Fur ther  
t h e o r e t i c a l  work l ead ing  t o  an understanding of t h e  RFP q u i e t  per iod  opera t ing  

cond i t ions  is needed t o  shed l i g h t  on t h e  experimental  r e s u l t s .  

Cr i t ica l  I s sues  and Theory Problems f o r  RFP Reactors  

L i s t e d  below are c r i t i c a l  physics  i s s u e s  and high p r i o r i t y  theory problems 

which are re l evan t  f o r  f u r t h e r  progress  on RFP r e a c t o r  designs:  

1. Energy Containment Time and Transport  

The va lues  of energy containment time used  i n  t h e  r e a c t o r  designs are 
c r i t i ca l .  The RFP des igners  l ack  a c r e d i b l e  s c a l i n g  l a w  upon which t o  base 
r e a c t o r  study. There is a lengthy l i s t  of p o s s i b l e  s c a l i n g  laws ( i - e . ,  

Alcator, She f f i e ld ,  Cal ibra ted  Bohm, Neoclass ica l ,  I/N, e t c . )  t o  choose from. 
S ince  t h e  des ign  depends c r u c i a l l y  on t h e  TE used, t h e  r e a c t o r  des igners  ask 

"Can t h e  t h e o r i s t s  examine t h e  s c a l i n g  l a w s  and recommend a s c a l i n g  

l a w  f o r  u se  with f u t u r e  de l ibe ra t ions?"  Spears  emphasized t h e  importance of 
p re fe r r ed  
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achieving t h e  r e a c t o r  condi t ion  TE < 'Churn < T p a r t i c l e  dur ing t h e  burn t o  
temperature c o n t r o l  and avoid thermal  runaway. 

a l low 

2. Current and Plasma Dens i t i e s  and Ohmic Heating t o  I g n i t i o n  
The a c h i e v a b i l i t y  of t h e  p o s s i b l e  ohmic hea t ing  t o  i g n i t i o n  may depend on 

t h e  l i m i t s  p laced on I / N  by p o s s i b l e  c u r r e n t  d r iven  i n s t a b i l i t i e s .  The lower 
t h e  va lue  of t h e  cu r ren t  dens i ty  f o r  a given plasma dens i ty ,  t h e  l a r g e r  is  t h e  
requi red  TE i n  order  t o  achieve i g n i t i o n .  This f a c t  w a s  demonstrated a t  t h e  
workshop when t h e  work of Chr i s t i ansen  and Roberts ,  which concluded t h a t  TE 

va lues  of 10-30 ps o r  more a r e  needed t o  reach i g n i t i o n ,  is  compared wi th  t h e  
corresponding work of Hagenson and Krakowskl which p r e d i c t s  T E  -1sec 

(“200TBohm) 

3. Energy Losses During Star t -up and Rundown 
The amount of energy loss during t h e  s t a r t -up  of t he  RFP is c r i t i c a l  s i n c e  

i t  w i l l  u l t ima te ly  determine t h e  v i a b l e  s t a r t -up  procedure t h a t  can be used. 
Large lo s ses  during t h e  formation phase could lead  t o  unacceptable  wall 
loading. Pure s e l f - r e v e r s a l  opera t ion  may have t o  be rep laced  by s u i t a b l e  slow 

programming t o  overcome t h i s  problem. The al lowable rate of rundown of t h e  
c u r r e n t  and t h e  f r a c t i o n  of f i e l d  energy recovered are unknowns f o r  which more 
phys ics  knowledge is needed. 

4. Role and Configurat ion of t h e  Conducttng S h e l l ,  Equilibrium and 
S t a b i l i t y  Cont ro l  
Considerable  t h e o r e t i c a l  work is needed t o  answer ques t ions  a r i s i n g  from 

t h e  f a c t  t h a t  t h e  r e a c t o r  plasma will be  surrounded by a segmented metal s h e l l  
whose resist ive d i f f u s i o n  time is s h o r t e r  than t h e  plasma sustainment time. 
How s h o r t  can t h e  s h e l l  segments be? This ques t ion  bears  c r i t i c a l l y  on t h e  
modular cons t ruc t ion  of t h e  reac tor .  How and on what time scales must t h e  
c o r r e c t i v e  f i e l d s  be app l i ed  t o  compensate f o r  the d i f f u s i o n  of t h e  magnetic 
f i e l d  i n t o  t h e  conducting s h e l l ?  More t h e o r e t i c a l  work is needed t o  answer t h i s  
ques t ion  both from t h e  view of co r rec t ing  t h e  equi l ibr ium s h i f t  and s t a b i l i z i n g  
modes t h a t  may grow slowly as a resu l t  of t h e  f i n i t e  r e s i s t i v i t y  of t h e  
s t a b i l i z i n g  metal s h e l l .  What are t h e  al lowable f i e l d  e r r o r s  f o r  a r ea l i s t i c  

surrounding s h e l l ?  The e f f e c t s  of f i e l d  e r r o r s  i n  producing i s l a n d s  and ergodic  
f i e l d  l i n e  behavior were discussed by Spencer. It was poin ted  ou t  by Boozer 
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t h a t  a r i p p l e  f i e l d  of 1/2% can lead  t o  a f a c t o r  of f i v e  enhancement of 

n e o c l a s s i c a l  t r a n s p o r t  i n  t h e  c o l l i s i o n l e s s  regime. Deta i led  t h e o r e t i c a l  work 
i n  t h e  above areas is  needed. 

I 1- Current dens i ty ,  ?E, and burn s t u d i e s  are c r i t i c a l  and should be va r i ed  i n  
t h e  ca l cu la t ions  before  a t tempting d e f i n i t i v e  conclusions.  

5.  Methods of At ta in ing  Steady-State Operat ion 
L i t t l e  work has  been done i n  t h e  area of producing a s teady-s ta te  RFP. 

Methods dc cu r ren t  d r ive  which have been suggested inc lude  beam i n j e c t i o n ,  
RF d r i v e ,  and time modulation of t h e  e x t e r n a l  f i e l d s  (Bevir and Gray). Some 

se l f - r eve r s ing  a c t i o n s  of t h e  discharge o r  nonaxisymmetric ohmic s teady states 
are needed t o  s u s t a i n  t h e  RFP p r o f i l e  aga ins t  d i f fus ion .  Exhaust, r e fue l ing ,  

and impurity c o n t r o l  of a s teady-s ta te  RFP r e a c t o r  are problems needing 
a t t e n t i o n .  

of 

I 2. High cu r ren t  dens i ty  opera t ion  should be s tud ied  more thoroughly. 

Conclueions 
The f i n a l  conclusions of t h e  workshop r eac to r  d i scuss ion  group on needed 

f u t u r e  RFP r e a c t o r  s t u d i e s  were as follows: 

, 3. A benchmark c a l c u l a t i o n  using t h e  LASL (RFP BURN) and t h e  Culham (ATHENE) 
burn s imula t ion  
t h e  e f f e c t s  of TE and cu r ren t  dens i ty  v a r i a t i o n s .  
b e t t e r  unanimity f o r  t h e  RFPR des ign  point .  

codes i e  needed t o  give a basecheck and t o  b e t t e r  def ine  
This  should r e s u l t  i n  a 
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